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RESUMEN 
La clorosis férrica, caracterizada por un amarilleamiento internervial de las hojas más jóvenes de la 
planta, se debe a una nutrición inadecuada en hierro (Fe). Esta deficiencia aparece en muchas 
plantas que crecen sobre suelos calcáreos, afectando a cultivos de gran importancia económica en 
el área mediterránea tales como el olivo y la vid. El contenido en carbonatos y el contenido y 
cristalinidad de los óxidos de Fe son factores edáficos clave en el problema. El efecto de la 
fertilización fosfatada es en cambio poco conocido y ha sido motivo de debate, por lo que el objetivo 
principal de la presente tesis doctoral fue aclarar la influencia del fósforo (P) en la disponibilidad de 
Fe en plantas sensibles a ese problema. 
En el segundo capítulo de esta tesis se muestra el comportamiento de plantas de estrategia I 
(garbanzo, altramuz y cacahuete) y estrategia II (sorgo) que fueron cultivadas en maceta sobre 
sustratos modelos inductores de clorosis férrica consistentes en mezclas de arena silícea recubierta 
de ferrihidrita (FOCS) como fuente de Fe para la planta, arena calcárea (CCS) para simular las 
condiciones de los suelos calcáreos y arena silícea como medio inerte. Se realizaron un total de 5 
ensayos de duración inferior a un mes con dosis de P entre 2.5 y 25000 µg P por maceta de 250 g. 
La concentración de clorofila en hoja se incrementó al aumentar la proporción de FOCS (Fe 
biodisponible) del sustrato para todos los cultivos, mientras que la proporción de CCS tuvo un efecto 
negativo en las plantas de estrategia I, no afectando en cambio al sorgo. La fertilización fosfatada 
redujo la disponibilidad del Fe en las plantas que crecieron en sustrato artificial con bajo contenido 
en FOCS, independientemente de la estrategia de adquisición de este elemento.  
El capítulo tercero trata del efecto de las propiedades del suelo en el posible agravamiento de la 
clorosis férrica inducido por el P. En un primer experimento desarrollado en cámara de crecimiento 
con altramuz (estrategia I) y sorgo (estrategia II) cultivados en 24 suelos calcáreos se observó que 
la concentración de clorofila en hoja era menor para las plantas cuyo suelo había sido fertilizado con 
una dosis alta de P (25000 µg P por maceta de 250 g) respecto a las plantas control (2.5 µg P por 
maceta). La disminución de clorofila en hoja fue más evidente en altramuz que en sorgo, debido a 
que su estrategia de adquisición de Fe es menos eficiente. El efecto era mayor cuando la cobertura 
de los óxidos de Fe poco cristalinos por el P, medida por la relación entre el P Olsen y el Fe 
extraíble por oxalato amónico ácido (Feox), era alta. Para el sorgo, la fertilización fosfatada 
incrementó el contenido en clorofila en plantas desarrolladas en suelos con baja relación P Olsen/ 
Feox, no habiendo efecto o disminuyendo el contenido en clorofila en el resto de los casos y 
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produciéndose también un incremento general del peso. En un segundo experimento, realizado en 
umbráculo entre 2009 y 2011, se utilizó olivo ‘Arbequina’ cultivado sobre dos suelos calcáreos con 
similar relación P Olsen / Feox y con 5 dosis de P (de 0 a 1.3 g P por maceta de 6.5 kg). Se observó 
una reducción del contenido de clorofila en hoja al aumentar el nivel de fertilización fosfatada 
solamente en el suelo con menor contenido en óxidos de Fe cristalinos. 
El efecto de la fertilización fosfatada en la clorosis férrica de olivo cultivado en suelos altamente 
calcáreos se trata en el cuarto capítulo. Los correspondientes ensayos se realizaron en cuatro 
parcelas con olivos de distinta variedad situadas en las inmediaciones de Baena y Aldea Quintana 
(dos parcelas), en la Provincia de Córdoba, y de Gilena, Provincia de Sevilla, durante 3-4 años, 
inyectándose distintas dosis de P (desde 0 a 150 g P por árbol) a una profundidad de 20–30 cm. 
Las parcelas experimentales tenían una relación P Olsen / Feox similar. La severidad de la clorosis 
férrica (de acuerdo con el contenido de clorofila en hoja y el tamaño de hoja) fue mayor en los olivos 
que habían sido tratados con altas dosis de P. Este efecto se produjo en mayor medida en las 
parcelas con un menor contenido en Feox (Gilena y Baena). Los olivos ‘Ocal’ (en Aldea Quintana) no 
se vieron prácticamente afectados, probablemente porque eran los de mayor edad y estaban en un 
suelo con valores relativamente altos de Feox. 
El quinto capítulo describe el efecto de una mezcla de ácidos orgánicos (cítrico, oxálico y málico) en 
la biodisponibilidad de Fe para garbanzo cultivado en maceta y condiciones de invernadero. Los 
tratamientos incluían el control (0 µg P por maceta), el de fertilización fosfatada (25000 µg P por 
maceta de 250 g) y el de fertilización fosfatada con adición periódica de la mezcla de ácidos 
orgánicos, utilizándose dos suelos, uno con bajo y otro con alto alto contenido en Feox. Los ácidos 
orgánicos aumentaron la disponibilidad de Fe en ambos suelos, pero el efecto negativo del P sobre 
la clorosis férrica se mitigó en mayor medida en el caso del suelo con un menor valor de Feox. 
En resumen, la fertilización fosfatada altera la disponibilidad de Fe en el suelo, agravando 
generalmente la clorosis férrica en plantas sensibles. Este efecto es variable, dependiendo de la 
planta (estrategia de adquisición del Fe, especie y variedad, edad) y de los contenidos en P 






Iron chlorosis, which reflects in internerval yellowing in young plant leaves, results from an 
inadequate supply of iron (Fe). This deficiency is common among plants growing on calcareous soils 
and affects crops with a high economic significance in the Mediterranean region such as olives and 
vines. Carbonate contents, and Fe oxide contents and crystallinity, are key factors for this problem; 
by contrast, the potential impact of phosphate fertilizers is poorly known and controversial. The 
primary aim of this doctoral work was to clarify the influence of phosphorus (P) on Fe availability in 
chlorosis-prone plants. 
Chapter 2 of this doctoral dissertation examines the behaviour of Strategy I (chickpea, lupin and 
peanut) and Strategy II plants (sorghum) grown in pots containing chlorosis-inducing model 
substrates consisting of siliceous sand covered with ferrihydrite (FOCS) as a source of plant Fe, 
calcareous sand (CCS) to simulate the typical conditions in calcareous soils and siliceous sand as 
inert medium. A total of five experiments involving the use of P at rates of 2.5–25 000 µg per 250 g 
pot for less than one month were performed. Leaf chlorophyll contents increased with increasing 
proportion of FOCS (bioavailable Fe) in the substrate in all crops; on the other hand, increasing the 
proportion of CCS had an adverse effect on Strategy I plants but no effect on sorghum. Phosphate 
fertilization reduced Fe availability in the plants grown in substrates with a low content in FOCS 
irrespective of the plant uptake strategy for this element. 
Chapter 3 deals with the potential influence of soil properties on P-induced Fe chlorosis, which was 
examined by growing lupin (Strategy I) and sorghum (Strategy II) on 24 different calcareous soils in 
a growth chamber. Leaf chlorophyll contents were found to be low in the plants grown on substrates 
receiving P at a high rate (25 000 µg P per 250 g pot) relative to control treatment (2.5 µg P per pot). 
The reduction in chlorophyll was more marked in lupin than in sorghum by effect of the former having 
a less efficient Fe uptake strategy. The effect was especially strong when the coverage of poorly 
crystalline Fe oxides by P as measured by the ratio of Olsen P to acid ammonium oxalate-
extractable Fe (Feox) was high. Phosphorus fertilization increased chlorophyll contents in the 
sorghum plants grown on soils with a low Olsen P / Feox ratio, but no effect or reduced the leaf 
chlorophyll content in any others; also, it increased overall plant weight. A second experiment was 
conducted in a shade house from 2009 to 2011 by using ‘Arbequina’ olives grown on calcareous 
soils with a similar Olsen P / Feox ratio but supplied with P at 5 different rates (0–1.3 g P per 6.5 kg 
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pot). Leaf chlorophyll contents were found to decrease with increasing P fertilizer rate, but only in the 
soil with the lowest content in crystalline Fe oxides. 
Chapter 4 is concerned with the effect of P fertilization on Fe chlorosis in olive trees grown on 
calcareous soils. Experiments were performed in four plots containing olive trees of different 
varieties located in the vicinity of Baena and Aldea Quintana (two plots) in the province of Córdoba, 
and in Gilena in the province of Seville, over a period of 3–4 years. The soils were supplied with P at 
a variable rate from 0 to 150 g per tree at a depth of 20–30 cm. All experimental plots had a similar 
Olsen P/Feox ratio. The severity of Fe chlorosis in terms of leaf size and chlorophyll contents was 
especially marked in the trees supplied with P at high rates. This was especially so in the soils with 
low contents in Feox (Gilena and Baena). The ‘Ocal’ olive (Aldea Quintana) was scarcely affected by 
Feox, probably because the trees were the oldest and the soil had relatively high Feox levels. 
Chapter 5 describes the effect of a mixture of organic acids (citric, oxalic and malic) on Fe 
bioavailability to chickpea grown in pots and under greenhouse conditions. The pots were subjected 
to a control treatment (0 µg P per pot), P fertilization (25 000 µg P per 250 g pot) and P fertilization 
with periodic addition of the organic acid mixture. The pots were filled with two types of soil: one with 
a low content in Feox and the other with a high content in it. The organic acids increased Fe 
availability in both soils; however, the adverse effect of P on Fe chlorosis was more efficiently 
alleviated in the soil with the lower Feox content. 
In summary, P fertilization alters Fe availability in soil and aggravates Fe chlorosis in especially 
sensitive plants. The effect varies with plant species, variety, age and Fe uptake strategy, and also 
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CAPÍTULO I. INTRODUCCIÓN Y OBJETIVOS 
1.1 ¿Qué es la clorosis férrica?  
Se conoce por clorosis férrica un variado conjunto de síntomas relacionados con una nutrición 
inadecuada de hierro (Fe), que afectan generalmente a plantas sensibles cultivadas en suelos 
calcáreos (Rombolà y Tagliavini, 2006). La clorosis férrica se manifiesta en multitud de especies  
frutales (melocotonero, manzano, kiwi, olivo, vid, cítricos), cultivos hortícolas (tomate, pepino, fresa), 
cereales (maíz, sorgo), leguminosas (altramuz, garbanzo, cacahuete, soja) (Sanz et al., 1992; 
Mengel y Kirkby, 2001; Rombolà y Tagliavini, 2006), muchos de ellos de gran importancia 
económica en España. Existen referencias que hacen alusión a este problema desde hace más de 
150 años (Gris, 1844 y 1847; Moltz, 1907). 
El nombre de clorosis férrica, derivado del término griego χλωµός (pálido), hace referencia al 
principal síntoma de esta deficiencia: el amarilleamiento internervial de las hojas más jóvenes 
(Figura 1.1a) debido a la inhibición de la síntesis de clorofila. Las hojas afectadas son en este caso 
las más jóvenes, por la escasa movilidad del Fe en el floema de la planta (Marschner, 1986; Korcak, 
1987). Si este problema persiste, se puede llegar a una decoloración e incluso necrosis de la hoja 
(Figura 1.1b) o a la muerte de la planta. Otros síntomas característicos son la reducción del 
crecimiento de los brotes y hojas, defoliación en brotes de cultivos leñosos conservando hojas en el 
extremo y dando lugar a estructuras conocidas como “escobas de bruja”, alteración en la síntesis de 
diversos compuestos (como azúcares en vid), problemas en la maduración y escaso crecimiento del 
fruto. Como consecuencia, el rendimiento de plantas herbáceas, frutales, olivo y vid (ver revisiones 
de Tagliavini y Rombolà, 2001 y Álvarez-Fernández et al., 2006) e incluso la calidad de la cosecha 
en aceite de oliva (Chova et al., 2000; del Campillo et al., 2000) se reducen considerablemente. 
La clorosis internervial desaparece de las hojas jóvenes al aplicar ciertos compuestos de Fe 
(como los quelatos) pero no al realizar tratamientos con otros elementos (Chaney, 1984). 
 
1.1.1 El hierro en la planta 
El Fe es un microelemento esencial para las plantas ya que forma parte de numerosos sistemas 
enzimáticos y participa en procesos como la fotosíntesis (catalizando la síntesis de la clorofila), la 
respiración y la asimilación de nitrógeno (Marschner, 1986). En situaciones de carencia de Fe, la 
tasa fotosintética disminuye al hacerlo la síntesis de las clorofilas a y b, xantofilas, carotenos 
(Abadía y Abadía, 1993) y de la principal estructura fotosintética, el cloroplasto (Marschner, 1986; 
Terry y Abadía, 1986). 
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Figura 1.1 Clorosis férrica: amarilleamiento internervial en hojas de olivo (a) y amarilleamiento y necrosis en 
hojas de altramuz (b).  
 
Dentro de la planta, existen tres grupos de proteínas asociadas al Fe (Miller et al., 1984). En 
primer lugar, las hemoproteínas o proteínas en las que el Fe se encuentra formando parte del grupo 
hemo, como citocromos, reductasas, catalasas y peroxidasas, asociadas con procesos de 
fotosíntesis y respiración. En segundo lugar, las proteínas ferrosulfuradas, como la ferredoxina que 
interviene en la fotosíntesis, en las que existen asociaciones de tipo Fe-S. Por último, las 
fosfoproteínas férricas como la fitoferritina, cuya función es la de almacenar Fe. 
 
1.1.2 El hierro en el suelo 
El Fe es un elemento abundante en la corteza terrestre donde supone el 5.1 % de su peso, sólo 
superado por el silício (Si), el oxígeno (O) y el aluminio (Al) (Jackson, 1958). El Fe en el suelo se 
encuentra en cantidades de 10 a 50 g kg―1, consideradas como suficientes para satisfacer las 
necesidades de la mayoría de cultivos, que se pueden estimar por debajo de 0.5 mg kg―1 (Lindsay, 
1974). La causa de esta malnutrición no es, por tanto, la escasez de Fe sino su baja solubilidad o 
disponibilidad en la solución del suelo (Marschner, 1995; Römheld y Nikolic, 2007), causada por los 
factores detallados en el Apartado 1.2. 
El Fe forma parte de minerales primarios de Fe+2 como los silicatos ferromagnésicos (biotita, 
augita, hornblenda y olivino, entre otros). Su meteorización produce la liberación de Fe a la 
disolución del suelo, que puede ser utilizado por los organismos, unirse a ligandos orgánicos o 
pasar a formar parte de minerales secundarios como óxidos, oxihidróxidos e hidróxidos de Fe+3, 
 a b 
denominados conjuntamente óxidos de Fe. Estos óxidos se encuentran frecuent
minerales de arcilla. Una pequeña parte del Fe pasa a formar parte de otros minerales secundarios 
de Fe o es complejada por la materia orgánica del suelo (Chen y Barak, 1982; Schwertmann y 
Taylor, 1989). Los óxidos de Fe+3 pueden ser red
Fe+2 a la solución del suelo o ser complejado por ligandos orgánicos, reacciones que 
condicionadas por la temperatura, humedad y pH (Schwertmann, 1985) (Figura 1.2).
Figura 1.2. Ciclo del Fe en el suelo. 
 
1.2 Propiedades del suelo que influyen en la clorosis férrica
La clorosis férrica afecta principalmente a las plantas cultivadas en regiones de clima árido y 
semiárido sobre suelos calcáreos y alcalinos (Marschner, 1986), que suponen 
superficie total de suelos (Çelik y Katkat, 2010) con 
2001). Las características principales de este tipo de suelos son un pH comprendido entre 7.4 y 8.5, 
bajo contenido de materia orgánica (< 1%) y concentracio
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1.2.1 Formas de hierro en el suelo 
En general, los óxidos de Fe+3 son poco solubles, 
ferrihidrita (Fe5O8H·4H2O) > maghemita (γ–Fe
Fe2O3) > goethita (α–FeOOH) (Lindsay y Schwab, 1982). En suelos calcáreos predominan los 
óxidos de Fe cristalinos como goethita y hematites, en menor proporción ferrihidrita y más 
raramente, lepidocrocita y maghemita (Schwertmann, 1991). 
La disponibilidad de Fe para la planta es función del contenido, mineralogía y cristalinidad de los 
óxidos de Fe del suelo (Loeppert y Hallmark, 1985), de manera que las formas poco cristalinas o 
amorfas, como la ferrihidrita, son más fácilmente movilizables por la planta (Vempati y Loeppert, 
1986). El tamaño de partícula de los minerales de Fe
lógicamente condicionada por su superficie reactiva. La solubilidad de Fe y, por tanto, su 
disponibilidad para la planta, está influenciada por el pH de la disolución del suelo, disminuyendo 
1000 veces por cada unidad que aumenta el pH (para valores de pH superiores a 4; Brown, 1978), 
llegándose a alcanzar concentraciones de Fe cercanas a 10
los suelos calcáreos (Figura 1.3). Estas concentraciones están muy alejadas de las necesarias para 
un crecimiento óptimo de las plantas, superiores a 10
Figura 1.3. Solubilidad de las distintas especies de Fe.
 
En la determinación de las formas de Fe del suelo que están más relacionadas con la 
disponibilidad de este elemento para las plantas, se utilizan diferentes métodos:
y se ordenan por solubilidad decreciente en: 
2O3) > lepidocrocita (γ–FeOOH) > hematites (α–
 
+3 influye mucho en su reactividad, que está 
–10 M para los valores de pH típicos de 
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-Extracción con oxalato amónico a pH 3 (Feox) (Schwertmann, 1964) modificado por Benítez et  
al. (2002) para suelos calcáreos a fin de evitar un aumento del pH de la disolución debido a los 
carbonatos. Este reactivo disuelve los óxidos de Fe poco cristalinos, el Fe complejado por la 
fracción orgánica y, parcialmente, los óxidos de Fe menos solubles (Borggaard, 1982). Es la 
fracción de Fe más interesante desde el punto de vista de la clorosis férrica, por su buena 
correlación con la concentración de clorofila en varias especies cultivadas en suelos calcáreos 
(Morris et al., 1990; del Campillo y Torrent, 1992; Yanguas et al., 1997; Benítez et al., 2002; Reyes 
et al., 2006; Díaz et al., 2009). 
-Extracción con citrato-ascorbato a pH 6 (Feca) (Reyes y Torrent, 1997), que disuelve también los 
óxidos de Fe poco cristalinos, pero tiene menor valor predictivo de clorosis férrica que el método de 
extracción con oxalato.  
-Extracción con DTPA (ácido dietilentriaminopentaacético) a pH 7.3 (FeDTPA) (Lindsay y Norvell, 
1978), utilizado como estimación del Fe “lábil”, que está relacionado con el que pueden extraer las 
plantas, es decir, el Fe de la disolución y el muy fácilmente soluble de la fase sólida. 
-Extracción con hidroxilamina, propuesto para cuantificar los óxidos de Fe no cristalinos (Hall et 
al., 1996) y que ha sido modificado por de Santiago et al. (2008) para dar una estimación del Fe 
más fitodisponible en suelos calcáreos. 
 
1.2.2 Carbonatos, ión bicarbonato, pH y etileno 
El contenido de carbonatos del suelo tiene gran influencia sobre las propiedades físicas y 
químicas de los suelos. Sin embargo, esta variable no es buena para predecir la severidad de la 
clorosis férrica, no estando siempre bien correlacionada con el contenido de clorofila en hoja 
(Loeppert et al., 1988; del Campillo y Torrent, 1992; Yanguas, 1997). Diversos estudios señalan al 
equivalente de carbonato cálcico activo (ECCA) o ‘caliza activa’ (Drouineau, 1942), que es la 
fracción de carbonato capaz de reaccionar con el oxalato amónico a pH alcalino, como mejor 
predictor de la incidencia de la clorosis férrica de plantas sensibles en suelos calcáreos, dado que 
ofrece una medida del tamaño de partícula y de la superficie específica de los carbonatos. Sin 
embargo, esta propiedad tampoco está sistemáticamente correlacionada con el grado de clorosis 
férrica (Clemens, 1990; del Campillo y Torrent, 1992; Benítez et al., 2002, Reyes et al., 2006). Juste 
y Pouget (1972) propusieron el ‘Índice de Poder Clorosante’ (IPC), definido como la relación entre el 
CaCO3 y el Fe del suelo extraído con EDTA (mg kg–1) [(CaCO3 /Fe2 )104] para predecir el riesgo de 
clorosis férrica en vid. En este sentido, la relación Feox / ECCA, que combina el contenido en óxidos 
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de Fe poco cristalinos del suelo y la caliza activa, ha resultado ser una buena variable explicativa de 
la concentración de clorofila en hoja de girasol y garbanzo (del Campillo y Torrent, 1992) y vid 
‘Pedro Ximénez / 110 R’ (Reyes et al., 2006). 
En los suelos calcáreos, la calcita (CaCO3) regula la concentración del ión bicarbonato (HCO3–) 
en la disolución del suelo. Las reacciones de equilibrio de producción de HCO3– permiten apreciar 
que la hidrólisis del carbonato cálcico se ve favorecida por la actividad del agua y la presión parcial 
de dióxido de carbono: 
 
2H+ (aq) + CaCO3 (s) → Ca2+ + CO2 (g) + H2O (l) 
CO2 (g) + H2O (l) → HCO3– (aq) + H+ (aq) 
 
La concentración de HCO3– es considerada por muchos investigadores como el parámetro más 
determinante en la inducción de clorosis férrica en plantas de estrategia I sobre suelos calcáreos y 
alcalinos (Boxma, 1972; Coulombe et al., 1984 a y b; Mengel et al., 1984; Romera et al., 1992; 
Nikolic y Kastori, 2000; Lucena et al., 2007). El HCO3– tampona el pH del suelo entre de valores 7.5 
y 8.5 (Loeppert, 1988) en los que la solubilidad del Fe es mínima (Loeppert et al. 1984; Lindsay, 
1984; Loeppert, 1986; Wei et al. 1997), favoreciendo su oxidación y paso a compuestos de baja 
solubilidad (Lindsay, 1984; Loeppert, 1986).  
A nivel de la planta, altas concentraciones de HCO3– se han relacionado con incrementos del pH 
del apoplasto y de Fe no disponible para las células (Mengel, 1994), en línea con el fenómeno 
conocido como “paradoja del Fe”, por la que hay una mayor concentración de Fe en hojas cloróticas 
que en hojas no cloróticas. Diversos ensayos mostraron una inhibición de la capacidad reductora de 
las raíces (Nikolic et al., 2000; Römheld, 2000; Nikolic y Römheld, 2002; Lucena et al., 2007) y de la 
expresión de genes implicados en la adquisición de Fe (Lucena et al., 2007) con altas 
concentraciones de HCO3–, lo que se puede traducir en una menor absorción y translocación de Fe 
a la parte aérea de las plantas. Sin embargo, otro ensayo afirma que en dichas circunstancias no se 
vio afectado el pH apoplástico (Nikolic y Römheld, 2002). 
Por otra parte, García et al. (2013) han estudiado el papel del bicarbonato sobre la hormona 
etileno, concluyendo que puede bloquear su acción en la regulación génica de la respuesta a la 
deficiencia de Fe por parte de las plantas de estrategia I. Anteriormente, García et al. (2011) 
propusieron un modelo de regulación de genes relacionados con la adquisición de Fe en plantas de 
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estrategia I, sometidas a bajo nivel de Fe en solución nutritiva, en el que el óxido nítrico (NO) junto 
al etileno juegan un papel fundamental. 
 
1.2.3 Interacción del hierro con otros elementos 
La disponibilidad de Fe para la planta puede verse afectada por la presencia de otros nutrientes 
en la solución del suelo. 
 
1.2.3.2 Nitrógeno 
La concentración y forma de nitrógeno (N ) predominante en la disolución del suelo puede incidir 
en la nutrición férrica de las plantas. La absorción del N en forma de nitrato (NO3–) por la planta, 
provoca un aumento del pH en la disolución del suelo, al contrario que en forma de amonio (NH4+), 
por lo que se puede alterar la disponibilidad de Fe. Los experimentos de Kosegarten et al. (1998 y 
2001) con plántulas de girasol en cultivo hidropónico conteniendo distintas formas de N (NO3– o 
NH4+) y en presencia de HCO3– (simulando condiciones de suelos calcáreos) revelaron que el NO3– 
aumenta el pH del apoplasto de las células de hojas jóvenes, inactiva el Fe e induce clorosis férrica 
(reduce la clorofila en hoja y el crecimiento de nuevas hojas) a diferencia del N en forma NH4+. 
Estudios posteriores, sugieren que la presencia de NO3– en solución nutritiva reduce el Fe disponible 
para la raíz de la planta al elevar el pH aunque no inactiva el Fe en el apoplasto (Nikolic y Römheld, 
2003). 
Evidencias de que la deficiencia de Fe es inducida y agravada con la aplicación de NO3– se han 
observado en especies tan variadas como el aguacate (Bar y Kafkafi, 1992),  espinaca 
(Assimakopoulou, 2006) o guisante (Wiersma, 2010). En garbanzo (Alloush et al., 1990) y en vid 
(Jiménez et al., 2007) la respuesta a la deficiencia de Fe mediante la producción de ácidos 
orgánicos fue superior en plantas que crecieron bajo fertilización nitrogenada aplicada en forma de 
nitratos que en plantas fertilizadas con amonio. 
 
1.2.3.1 Fósforo 
El efecto del fósforo (P) sobre la disponibilidad del Fe ha recibido escasa atención en los 
trabajos de investigación. Los primeros experimentos que citan al P como factor que influye en la 
clorosis férrica pertenecen a de Kock (1955), que encontró un alto ratio P/Fe en hojas cloróticas de 
diferentes especies vegetales (Abutilon striatum ‘Thompsonii’, Bougainvillea glabra ‘variegata’, 
Sambucus nigra ‘variegata’, Ilex aquifolium ‘variegata’, Pelargonium zonale ‘flower of spring’, 
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Pelargonium zonale ‘Rob Roy’ y Spiraea japonica ‘Anthony Waterer’). Brown et al. (1959) 
observaron que el HCO3– aumentaba la disponibilidad de P en el suelo y su toma por la planta, lo 
que repercutía negativamente en la absorción de Fe. Desde este momento, diversos estudios se 
centraron en revelar el papel del P en la clorosis férrica, aunque gran parte de ellos en medio 
hidropónico y, por tanto, obviando la complejidad de las reacciones que tienen lugar en los suelos. 
Se pueden citar los siguientes: 
(1) Marschner y Schropp (1977) mostraron que altas dosis de P inducían clorosis férrica en vid 
cultivada en maceta.  
(2) Unos años después, Brown y Olsen (1980) cultivaron dos variedades de maíz y avena de 
distinta tolerancia a la deficiencia de Fe en solución nutritiva con contenido en Fe variable y dos 
competidores de Fe en su absorción por la planta, el BDPS (ácido 4,7‐difenil, 1,10‐fenantrolin 
disulfónico) y el fosfato. Las variedades ‘WF9’ de maíz y ‘Coker 227’ de avena absorbieron mayor 
cantidad de Fe que las variedades ‘ys1’ de maíz y ‘TAM 0-312’ de avena a bajas concentraciones de 
Fe en disolución, deduciéndose que el P no afectaba a la adquisición de Fe en determinadas 
variedades.  
(3) Chaney y Coulombe (1982) cultivaron variedades de soja en solución nutritiva con 200 µM 
de P, 5 µM de Fe y CaCO3 suficiente para mantener el pH a 7.5. La respuesta a la deficiencia de Fe 
fue inhibida en las variedades más sensibles, dando lugar a plantas afectadas en mayor grado por 
la deficiencia de Fe. 
(4) Kolesch et al. (1987a) utilizaron vides injertadas en dos portainjertos (‘Couderc 3309’, 
susceptible, y ‘Kober 5 BB’, resistente a clorosis férrica) en 3 fincas experimentales y mostraron que 
las plantas más cloróticas crecían sobre suelo con mayor concentración en P pero la concentración 
de Fe en planta no estaba relacionada con el grado de clorosis férrica. 
(5) Handreck (1991) estudió la interacción Fe–P en Banksia ericifolia L. f. ‘ericifolia’ cultivada en 
medio hidropónico, con diferentes dosis de P (superfosfato de 0 a 40 mg L–1) y Fe en forma de 
FeSO4·7H2O (de 0 a 3 g L–1) o FeEDDHA (de 0 a 430 mg L–1). Con la dosis más alta de P en 
disolución, el Fe acumulado en hoja y la formación de raíces proteoideas disminuyó 
significativamente. Además, los síntomas de la clorosis férrica empeoraron con el aumento de P en 
la disolución.  
(6) Srinivasarao et al. (2006) observaron cómo la adición de P (0, 13.5 y 27 mg kg–1 suelo) 
redujo la concentración de Fe en tejido vegetal de garbanzo cultivado en maceta.  
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(7) Ladoceur et al. (2006) estudiaron la liberación de fitosideróforos de cebada cultivada en 
solución nutritiva deficiente en Fe y con 4 niveles de P (0.5, 5, 50 y 500 µM), a pH 6.5 durante 21 
días. Se observó que el contenido en clorofila y el crecimiento fueron menores en las plantas 
cultivadas con la concentración de P en disolución más alta, que a su vez fueron las que emitieron 
una mayor cantidad de fitosideróforos como respuesta a la deficiencia de Fe. 
(8) Más recientemente, Choi y Lee (2012) indujeron deficiencia de micronutrientes [ cobre (Cu), 
manganeso (Mn), zinc (Zn) y Fe] en distintas variedades de fresa cultivada en medio hidropónico 
durante 120 días para concentraciones de P superiores a 2 mM (en ‘Seonhong’) y 4 mM (en 
‘Keumhyang’). 
En contraposición a estos estudios, un considerable número de investigadores no han 
observado un efecto negativo del P en la nutrición férrica de las plantas. En este caso, además de 
ensayos en medio hidropónico hay un mayor número de experimentos que utilizan suelos calcáreos 
a los que aplican dosis de fertilización fosfatada muy variadas. Así, Mengel et al. (1984) encontraron 
altas concentraciones de P en hojas cloróticas de vid cultivada en suelo calcáreo (con una cantidad 
considerable de P) y lo interpretaron como una consecuencia de la clorosis férrica y no como una 
causa. En esta línea, no se observó una relación entre P y deficiencia de Fe en mandarino (Kovanci 
et al., 1978) y vid (Müllner, 1979; Mengel et al., 1979) cultivados en campos experimentales. 
Posteriormente, Romera et al. (1991) no observaron inducción de clorosis férrica en patrones de 
melocotonero cultivados en solución nutritiva con baja concentración de Fe y con una concentración 
10 mM en fosfato. Sin embargo, se observó una inhibición de la capacidad reductora de Fe en 
raíces de girasol y pepino cuando aumentó la concentración de fosfato en disolución en presencia 
de HCO3– (Romera et al., 1992); este efecto no tuvo lugar en ausencia de HCO3–. 
La búsqueda de patrones resistentes a la deficiencia de Fe considera al P como factor inductor 
de dicha malnutrición. Samar et al. (2007) estudiaron el problema de la clorosis férrica en manzano 
inducida por excesiva fertilización fosfatada, problema habitual en Irán. Se utilizó manzano 
‘Delicious’ en macetas que contenían suelo fertilizado con dosis de 0, 1500 y 3000 mg P kg–1. Tras 
2 años de duración del experimento se vio que la variedad mencionada no era sensible a altas dosis 
de P en el suelo al no alterarse el contenido de clorofila en hoja, la superficie foliar o peso seco de 
hojas y raíces. 
El efecto de la fertilización fosfatada también fue evaluado en 2 patrones del género Prunus por 
Balal et al. (2011) utilizando suelos calcáreos en los que se aplicaron 0.12, 0.25, 0.74, 2.98 y 14.88 
g de P (como fosfato monoamónico) por árbol. Los patrones evaluados, ‘GF677’ y ‘PP101’, no 
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fueron sensibles a la clorosis férrica inducida por la fertilización fosfatada, e incluso el primero 
incrementó su diámetro de tronco, el peso seco de las hojas y la longitud de los brotes. 
 
1.2.3.3 Potasio 
Hughes et al. (1992) sugirieron que el potasio (K) está implicado en la toma y transporte de Fe 
por la planta, participando en el correcto funcionamiento de las enzimas implicadas en ello 
(Tagliavini y Rombolà, 2001) y en el balance iónico, que permite la adecuada nutrición férrica 
(Marscher, 1995).  
Las plantas sensibles ven mermada su capacidad de respuesta a la deficiencia de Fe (las 
estrategias de toma de Fe por la planta se detallan en el Apartado 1.3)  cuando la nutrición potásica 
es deficiente (Jolley et al., 2004), reduciéndose la emisión de H+, disminuyendo la capacidad 
reductora de Fe (plantas de estrategia I) y modificándose la emisión de fitosideróforos (plantas de 
estrategia II) (Hughes et al., 1990 y 1992). 
Otros investigadores atribuyen al K un papel destacado en la producción y emisión de 
fitosideróforos por las plantas que presentan la estrategia II de adquisición de Fe (Sakaguchi et al., 
1999; Neumann y Römheld, 2001). 
Un efecto negativo ha sido descrito por Chen y Barack (1982) y Loeppert et al. (1994) que 
indicaron que altos contenidos de K+ en el suelo pueden favorecer la dispersión de arcillas y su 
posterior compactación, limitando la respuesta de las plantas a la clorosis férrica.  
 
1.2.3.4 Micronutrientes 
Hay una gran variedad de estudios sobre interacciones entre el Fe y los micronutrientes. 
Generalmente, se admite que los mecanismos de adquisición de Fe y otros micronutrientes por las 
plantas de estrategia I están relacionados. La deficiencia de Fe suele ir acompañada por la 
acumulación de Mn, Zn y Cu en brotes, mientras que las deficiencias de Mn o Zn estimulan la 
acumulación de Fe (Kobayashi et al., 2003). Lucena et al. (2003) indicaron que el Fe compite con 
otros micronutrientes por el transporte y translocación en la planta. En ocasiones, la clorosis férrica 
puede ser inducida por altas concentraciones de Cu. La causa de estas interacciones entre 
micronutrientes no parece ser debida a los efectos del Mn o Zn en la reductasa de Fe, ya que 
Alcántara et al. (1994) comprobaron que el Mn, el plomo (Pb), el Zn y el molibdeno (Mo) no tienen 
efecto sobre ella, al contrario que el níquel (Ni), el Cu y el cadmio (Cd).  Sin embargo, según Bojovic 
et al. (2012) el Pb tiene la capacidad de bloquear ciertos transportadores de Fe, ya que, tras dos 
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semanas de contacto con la raíz de plantas Ailanthus altissima Mill. cv. Swingle se redujo la 
actividad de la reductasa férrica y la acumulación de Fe, Zn y Mn en la raíz de plantas sometidas a 
deficiencia de Fe. 
Por otro lado, se piensa que hay una competición entre los nutrientes y las moléculas que 
quelatan o transportan al Fe, como los ácidos orgánicos, fitosideróforos y las proteínas 
transportadoras de Fe. Kobayashi et al. (2003) apuntaron que otros micronutrientes pueden tener 
cierto efecto en una molécula mensajera que determine la respuesta fisiológica de la planta. En esta 
línea, Cohen et al. (1998) comprobaron que un transportador de Fe (IRT1) podía llevar otros 
metales divalentes, como Cd y Zn. 
 
1.2.4 Otros factores 
1.2.4.1 Arcilla  
Las propiedades químicas de la arcilla y, concretamente, su capacidad de intercambio catiónico 
(CIC), tienen una considerable influencia en la incidencia de la clorosis férrica. Las arcillas pueden 
ser una fuente de Fe adicional para las plantas que crecen en condiciones de deficiencia de este 
elemento por adsorber óxidos de Fe poco cristalinos, de tamaño nanométrico, y presentar óxidos de 
Fe intersticiales (Loeppert y Hallmark, 1985; del Campillo y Torrent, 1992), que pueden llegar a 
suponer el 2 % de su peso (Carstea et al., 1970). Las arcillas participan en la estabilización de los 
óxidos de Fe poco cristalinos, aumentando la disponibilidad de Fe para las plantas (Vempati y 
Loeppert, 1986; Golden et al., 1997; Krishnamurti et al., 1998). Diversos ensayos mostraron 
correlaciones positivas entre el contenido de arcilla y la concentración de clorofila en hojas de sorgo 
y soja (Loeppert y Hallmark, 1985), garbanzo y girasol (del Campillo y Torrent, 1992) y olivos 
‘Hojiblanca’, ‘Manzanilla’ y ‘Picual’ (Benítez et al., 2002) desarrollados en suelos calcáreos. Arcillas 
como la montmorillonita y la caolinita adsorben Fe en suelos ácidos y condiciones reductoras 
principalmente (Ellis y Knezek, 1972). 
Sin embargo, un alto contenido de arcilla en el suelo puede provocar problemas de 
compactación, dificultándose la aireación y favoreciendo la producción de HCO3―, al aumentar la 
presión parcial de CO2 (Mengel et al., 1984, Romera et al., 1992). 
 
1.2.4.2 Materia orgánica y actividad microbiana 
La materia orgánica suele aumentar la disponibilidad de Fe para las plantas por ser capaz de 
acomplejar el Fe+3 (Bloom, 1981; Pinton et al., 1999) y estabilizar los óxidos de Fe poco cristalinos, 
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evitando su cristalización y su transformación a hematites o goethita (Schwertmann, 1964). Los 
suelos cultivados de áreas mediterráneas cuentan, sin embargo, con contenidos bajos en materia 
orgánica (< 2 %; Torrent, 1995). 
La actividad microbiana puede verse incrementada con la aplicación de materia orgánica al 
suelo, aumentando la solubilidad del Fe por la mayor presencia de sideróforos (Chen et al., 2000) y 
ácidos orgánicos (Loeppert y Hallmark, 1985; Masalha et al., 2000; Crowley, 2001; Hoberg et al., 
2005) de origen microbiano. No obstante, las condiciones que favorezcan la formación de HCO3– 
(alta humedad, compactación y drenaje inadecuado) pueden provocar un efecto de la materia 
orgánica contrario al antes descrito (Chaney, 1984; Loeppert, 1986). 
Por otra parte, la respiración de los microorganismos del suelo (junto a la de las raíces) puede 
incrementar la presión parcial de CO2 hasta niveles 10–100 veces superior a la atmosférica, 
reduciendo el pH (Hinsinger et al., 2003) pero favoreciendo la producción de HCO3―.  
 
1.2.4.3 Potencial rédox-condiciones reductoras  
Las condiciones reductoras pueden ocurrir debido a la presencia de capas colgadas de agua, 
por lluvias o riegos excesivos. El encharcamiento de los suelos calcáreos es un factor inductor de 
clorosis férrica por favorecer la producción de HCO3–. Sin embargo, en estas condiciones, una parte 
del Fe se encontrará en forma reducida, Fe+2, más soluble que la forma oxidada, Fe+3, que 
predomina en condiciones de suelo aireado. Las condiciones reductoras ocurren en micrositios sin 
oxígeno y con alta actividad microbiana, alrededor de la materia orgánica y a nivel rizosférico. 
Varios experimentos han puesto de manifiesto que, si los suelos se drenan adecuadamente tras el 
encharcamiento, aumenta la biodisponibilidad de Fe para las plantas con el consiguiente alivio de la 
clorosis férrica (Velázquez et al., 2004; Sánchez-Alcalá 2012a y 2013).  
 
1.3 Respuesta de las plantas a la deficiencia de hierro 
Las plantas, al igual que los microorganismos, han desarrollado estrategias variadas para 
aumentar la disponibilidad de Fe y su absorción.  
 
1.3.1 Estrategia I  
Las plantas dicotiledóneas y monocotiledóneas no gramíneas han desarrollado una estrategia 
de adquisición de Fe, denominada estrategia I, consistente en la emisión de protones (H+) por parte 
de las zonas basales y subapicales de la raíz (Bienfait, 1985; Guerinot y Yi, 1994), la reducción de 
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Fe+3 a Fe+2 (más soluble) mediante reductasas (Robinson et al., 1999) cuya actividad es promovida 
en situaciones de deficiencia, y la posterior absorción del Fe a través de la membrana plasmática 
mediante transportadores específicos (Vert et al., 2001). Debido a este mecanismo, se encuentran 
concentraciones superiores a 6 µmol H+ h―1 (g de raíz)―1 en la rizosfera (Römheld et al., 1984).  
La reducción de Fe+3 a Fe+2 es imprescindible para las plantas de estrategia I, ya que es la única 
forma de Fe que pueden tomar. La actividad de la reductasa (enzima transmembrana situada en 
células de la rizodermis y encargada de esta reducción) es promovida por la emisión de H+ 
(Marschner et al., 1986; Marschner y Römheld, 1994) e inhibida a alto pH (Schmidt, 2003) y con 
altas concentraciones de HCO3– en suelos calcáreos (Siebner-Freibach et al., 2003).  
Junto a la emisión de protones, la exudación de ácidos orgánicos (cítrico, oxálico, málico) por 
parte de la raíz de las plantas contribuye a disminuir el pH rizosférico (Jones, 1998; Jones et al., 
2003) además de participar en la disolución de Fe de procedencia mineral, favoreciendo el aumento 
de la disponibilidad del mismo para la planta. La concentración de ácidos orgánicos en la rizosfera 
varía en función de la especie vegetal y de la disponibilidad de P (la excreción de ácidos orgánicos 
también es una estrategia utilizada por muchas plantas para la toma de P en situaciones de 
deficiencia) o Fe, pudiendo alcanzar valores de 50 a 9000 µM (Jones et al., 1996a y Dinkelaker et 
al., 1989, respectivamente).  
En último lugar, en situaciones de deficiencia de Fe aumenta la producción y emisión de 
compuestos fenólicos (Römheld y Marschner, 1986) relacionados con la actividad de la enzima 
peroxidasa, con capacidad reductora y quelante, como el ácido caféico, el ácido ferúlico, el ácido 
clorogénico y el ácido p-curámico. 
A los mencionados mecanismos fisiológicos de respuesta de las plantas de estrategia I se unen 
los cambios morfológicos que se producen en las raíces de las plantas, como incremento de las 
raíces laterales (Landsberg, 1982) y engrosamientos subapicales en los que proliferan un gran 
número de pelos radicales y células transferentes (Römheld y Kramer, 1983; Romera y Alcántara, 
2004). 
Estas estrategias de respuesta frente a estrés de Fe por parte de plantas de estrategia I, están 
reguladas hormonalmente. Landsberg (1984) propuso a las auxinas, Romera y Alcántara (1994) al 
etileno, Graziano y Lamattina (2007) al óxido nítrico (NO), Chen et al. (2010) y García et al. (2011) 





1.3.2 Estrategia II  
Las plantas gramíneas no presentan mecanismos de acidificación del medio o de incremento de 
la capacidad reductora en situaciones de escasa disponibilidad de Fe. No obstante, cuentan con un 
mejor comportamiento que las plantas de estrategia I en dicha situación debido a que producen una 
serie de compuestos capaces de quelatar el Fe+3 (Takagi, 1976; Kraemer et al., 2006) denominados 
fitosideróforos. Los fitosideróforos son aminoácidos que no forman parte de las proteínas, 
producidos en mayor medida bajo situaciones de deficiencia de Fe (Römheld y Marschener, 1990). 
La estrategia II o toma de Fe mediante la producción de fitosideróforos ha sido descrita en trigo, 
cebada, sorgo, arroz (que además tiene la capacidad de tomar Fe+2 como las plantas de estrategia 
I; Ishimaru et al., 2006), maíz y diversas plantas de césped (Marschner y Römheld, 1994)  
Los fitosideróforos tienen una alta afinidad por el Fe, siendo su constante de estabilidad de 1017–
1018, lo que les permite competir con la fracción húmica del suelo por la toma de Fe (Cesco et al., 
2000) y aumentar la biodisponibilidad del mismo (Kraemer et al., 2006). Además, son capaces de 
disolver los óxidos de Fe cristalinos, como la goethita (Hiradate y Inoue, 1998; Kraemer et al., 2006), 
poniendo a disposición de las plantas que los producen una parte del Fe a la que no tienen acceso 
el resto de plantas. 
Las concentraciones de fitosideróforos en la rizosfera son variables, desde el rango micro (Shi et 
al., 1988) al milimolar (Römheld, 1991), siendo mayor su producción en los ápices radicales durante 
el día (a las 3–6 horas desde la salida del sol; Takagi et al., 1984; Marschner et al., 1987; Reichman 
y Parker, 2007). Dentro de las gramíneas, las más eficientes en la producción de fitosideróforos son 
las C3 respecto a las C4 (Kawai et al., 1988; Onyezili y Ross, 1993), lo que da lugar a una menor 
movilización de Fe por la raíz de las plantas C4 (Clark et al., 1988). 
Los fitosideróforos forman quelatos estables con otros cationes divalentes, como Zn, Ni y Cu, 
siendo relativamente pobre la especificidad por el Fe (Murakami et al., 1989). Los sideróforos 
producidos por microorganismos presentan, por el contrario, una alta especificidad por el Fe en 
comparación con otros cationes (Parker et al., 2005; Kraemer et al., 2006). 
En definitiva, la estrategia II es más eficiente en la adquisición de Fe que la estrategia I debido a 
que la segunda precisa de la reducción de Fe+3 a Fe+2 mediante la reductasa, cuya actividad se ve 
drásticamente reducida en ambientes neutros y alcalinos (Römheld y Marschner, 1986; Römheld, 
1991).  El mayor inconveniente de la estrategia II es la rápida degradación de los fitosideróforos por 
parte de los microorganismos del suelo (Takagi et al., 1988). 
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1.4 Prevención y corrección de la clorosis férrica 
Una estrategia muy extendida para la prevención de la clorosis férrica es la utilización de 
cultivares tolerantes, tanto en especies herbáceas como leñosas (directamente o como patrones). 
Existen estudios en soja (Jessen et al., 1986), garbanzo (Singh et al., 1986), cacahuete (Gao y Shi, 
2007), olivo (Alcántara et al., 2003), vid (Champagnol, 1984; Ksouri et al., 2007), peral y 
melocotonero (Cinelli y Loreti, 2004), frutales del género Prunus (Jiménez et al., 2011; Gonzalo et 
al., 2012), membrillero (Alcántara et al., 2012), cítricos (Martínez-Cuenca et al., 2013), entre otros. 
Las sales de Fe fueron los primeros compuestos utilizados para corregir la clorosis férrica, tras 
descubrirse que, en hojas jóvenes, ésta era debida a una deficiencia de Fe (Gris, 1844 y 1847). 
Actualmente, la corrección de la clorosis férrica conlleva elevados costes anuales. Por ejemplo, 
Álvarez-Fernández et al. (2003) estimaron un gasto total anual de 45 M€ para España y Hansen et 
al. (2004)  de 120 M$ para una región productora de soja localizada sobre suelos calcáreos en los 
estados de Dakota del Norte, Dakota del Sur, Iowa y Minnesota (EEUU). 
El empleo de fertilizantes de Fe es el método más extendido en la corrección de la deficiencia de 
Fe, pudiendo realizarse mediante aplicaciones foliares, aplicaciones al suelo, en fertirrigación, 
mediante inyecciones al tronco e incluso aplicación de sulfato de Fe a las heridas de poda. 
 
1.4.1 Aplicación de compuestos orgánicos 
La aplicación al suelo de quelatos de Fe, sintetizados a partir de la adición de sales férricas 
inorgánicas a agentes quelantes, es una forma muy eficaz y común de corregir la clorosis férrica 
(Tagliavini y Rombolà, 2001; Rombolà y Tagliavini, 2006). Los principales inconvenientes son el 
elevado coste, la escasa persistencia en el suelo (se requieren una o más aplicaciones anuales), la 
alta solubilidad y facilidad de lixiviado contaminando el medio ambiente (Nowack, 2002). En los 
últimos años, se ha propuesto la utilización de quelatos de Fe biodegradables (Villén et al., 2007) 
para minimizar algunos de estos inconvenientes. 
Los ácidos húmicos, fúlvicos y aminoácidos de diferente origen, y el citrato, se utilizan para 
aumentar la disponibilidad de Fe por su capacidad para formar complejos con él (Shenker y Chen, 
2005; Lucena et al., 2010). Se han utilizado con éxito junto a compuestos inorgánicos como el 
sulfato ferroso o la vivianita (de Santiago et al., 2008) debido a que inhiben la precipitación de los 
óxidos de Fe (de Santiago y Delgado, 2010) aumentando la disponibilidad de Fe para las plantas. 
Algunos subproductos de origen animal son utilizados como fertilizantes orgánicos. Entre ellos 
se encuentra la harina de sangre, cuyo contenido en Fe+2 es de 20―30 g kg–1 y que ha sido efectiva 
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en la prevención de clorosis férrica en soja (Kalbasi y Shariatmadari, 1993), peral (Tagliavini et al., 
2000) y vid (Tessarin et al., 2013). 
 
1.4.2 Aplicación de compuestos inorgánicos 
Las aplicaciones a la superficie del suelo de sulfato ferroso (Fe2SO4·7H2O) son muy comunes 
debido a su bajo coste (Tagliavini y Rombolà, 2001) a la vez que ineficientes, especialmente en 
suelos de pH alcalino, ya que la mayor parte del Fe se transforma rápidamente a óxidos de Fe 
cristalinos (Loeppert, 1988). Sin embargo, recientes estudios de la Unidad de Edafología de la 
Universidad de Córdoba (Grupo de Investigación AGR-165) muestran que su eficiencia aumenta al 
inyectarlo en forma de disolución diluida a 20―30 cm de profundidad (zona de mayor concentración 
de raíces) reduciendo los síntomas de la clorosis férrica en olivo (ensayo en proceso de 
publicación). Fernández-Escobar et al. (1993) puso de manifiesto que el sulfato ferroso aplicado al 
tronco mediante inyecciones también aliviaba la clorosis férrica de peral. 
Siguiendo la línea de la aplicación de compuestos inorgánicos de Fe, la Unidad de Edafología de 
la Universidad de Córdoba trata de desarrollar sales de Fe de bajo coste, muy reactivas y con 
capacidad de liberación de Fe durante un periodo más prolongado que los compuestos orgánicos 
existentes. Entre ellos destaca un fosfato ferroso octahidratado [Fe3(PO4)2·8H2O], análogo al mineral 
denominado vivianita, capaz de aliviar la clorosis férrica en garbanzo (Eynard et al., 1992), peral 
(Iglesias et al., 2000), olivo (Rosado et al., 2002), kiwi (Rombolà et al., 2002) y vid (Díaz et al., 
2010). Su contenido en Fe es alto (> 32%, del cual más del 25% es en forma Fe+2 cuando el 
producto se encuentra expuesto al aire) y su efecto persistente (al menos 3-4 años), pudiendo 
considerarse como un fertilizante de liberación lenta. de Santiago et al. (2013) utilizaron vivianita 
mezclada con sustancias húmicas para prevenir la clorosis férrica en fresa. 
La siderita sintética preparada a partir de disoluciones de FeSO4·7H2O  y K2CO3 es un carbonato 
de Fe (FeCO3) de tamaño nanométrico que resulta eficaz en la corrección de la clorosis férrica en 
plantas herbáceas y olivar (Sánchez-Alcalá et al., 2012a y b). Al igual que la vivianita, es un 
fertilizante de liberación lenta, por lo que no se precisan aplicaciones anuales como puede ocurrir en 
el caso de la aportación de Fe en forma de quelatos. Estos productos sintetizados fácilmente en el 
campo, se inyectan en forma de suspensión mediante un inyector a la profundidad donde se 
encuentran la mayoría de raíces activas. 
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1.4.3 Otros 
Desde hace varias décadas se estudia la idea de aprovechar los exudados de las plantas 
herbáceas para la prevención de la clorosis férrica. De esta manera, Sorrenti et al. (2011) mejoraron 
el crecimiento y los síntomas de la deficiencia de Fe en peral utilizando extractos acuosos obtenidos 
de Amaranthus retroflexus L. Además, estas disoluciones mezcladas con sulfato ferroso han sido 
más efectivas en la corrección de la clorosis férrica en sorgo que el quelato de Fe EDDHA (Matocha 
y Pennington, 1982; Mostaghimi y Matocha, 1988).  
El “intercropping” o cultivo de dos o más especies de diferentes características y necesidades 
puede ser utilizado para mejorar la nutrición férrica de plantas sensibles (Li et al., 2007; Inal y 
Gunes, 2007; Zuo y Zhang, 2008). En estos casos se combinan especies de estrategia I para la 
adquisición de Fe, como el cacahuete, y especies de estrategia II, como el maíz (Zuo y Zhang, 
2008). Esta práctica puede ser empleada en el caso del olivo en suelos calcáreos, utilizando 
gramíneas de estrategia II como cubiertas vegetales. En la actualidad se está trabajando en este 
tema en la Unidad de Edafología de la Universidad de Córdoba, estudiando el comportamiento de 
algunas gramíneas espontáneas y otras de bajo consumo de agua para la prevención de la clorosis 
férrica. 
 
1.5 Aspectos básicos del fósforo en el suelo 
1.5.1 Problemática ambiental y económica 
Desde mediados del siglo XX se ha producido un gran incremento en la producción agrícola 
mundial asociado a las novedades introducidas en la agricultura por la Revolución Verde, como la 
utilización de variedades más productivas, monocultivo o empleo de plaguicidas y fertilizantes. En 
ocasiones, el uso de productos químicos se ha realizado sin justificación agronómica dando lugar a 
la aparición de problemas ambientales como la eutrofización de las aguas continentales, mermando 
su calidad (Ryan et al., 2012) y que junto al resto de novedades han favorecido la pérdida de 
biodiversidad (Correll, 1999; Foy, 2005). En los países más desarrollados económicamente como 
EEUU, países de Europa y más recientemente en países como China, donde ha habido una gran 
intensificación de la agricultura durante las últimas décadas, el contenido de P en el suelo es un 
problema ambiental y no agronómico (Delgado y Scalenghe, 2008). Con frecuencia, se encuentran 
niveles de P en suelo muy elevados, aumentando el riesgo de eutrofización de las aguas derivado 
de pérdidas de P por erosión y escorrentía (Torrent et al., 2007). 
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Sin embargo, en sistemas agrícolas con pocos recursos, el rendimiento de los cultivos se ve 
limitado por la deficiencia de P, que afecta a un 30% de la superficie arable mundial (MacDonald et 
al., 2011). Además, el precio de los fertilizantes fosfatados ha aumentado considerablemente en las 
últimas décadas debido a que las reservas están disminuyendo rápidamente (Vance, 2001; Cordell 
et al., 2009). Se necesitan nuevas estrategias de uso y manejo del P para minimizar los impactos 
medioambientales que produce su empleo en la agricultura y para ajustar los costes en las 
explotaciones agrícolas. 
 
1.5.2 El fósforo en la planta. Mecanismos de adquisición del fósforo 
El P es uno de los 17 elementos esenciales para el crecimiento y desarrollo de las plantas 
(Raghothama, 1999). Su concentración en tejido vegetal varía desde el 0.05 al 0.50% del peso 
seco. Su papel es fundamental en multitud de procesos biológicos y afecta directa o indirectamente 
a la utilización de energía por la planta, la síntesis de ácidos nucléicos, fotosíntesis, respiración, 
glicólisis, activación y desactivación de enzimas, reacciones de óxido-reducción, metabolismo de los 
carbohidratos, fijación de N, composición de membranas biológicas. La planta lo absorbe en forma 
de ión ortofosfato (H2PO4― y HPO4―). 
Las plantas han desarrollado mecanismos para aumentar la disponibilidad de P en situaciones 
de deficiencia. Los principales son: la modificación de la arquitectura de la raíz mediante reducción 
del crecimiento en la raíz primaria, la aparición de raíces secundarias acompañadas de una gran 
cantidad de pelos radicales que son capaces de absorber mayor cantidad de P (Gahoonia y 
Nielsen, 1998; Gilroy y Jones, 2000; Lynch y Brown, 2001) y el incremento en el ratio raíz/parte 
aérea (Lynch, 1995 y 1997); todos ellos regulados hormonalmente (López-Bucio et al., 2002; Vance 
et al., 2003). Plantas pertenecientes a las familias Proteaceae, Betulaceae, Casuarinaceae, 
Cucurbitaceae, Cyperaceae, Eleagnaceae, Leguminosae, Moraceae, Myricaceae y Restionacea 
(Louis et al., 1990; Dinkelaker et al., 1995; Skene, 2000; Adams y Pate, 2002) forman raíces 
proteoideas que pueden llegar a excretar hasta 20 veces más ácidos orgánicos que en condiciones 
de suficiencia de P. El altramuz (Lupinus albus L.) es la planta modelo para el estudio de dichas 
raíces (Dinkelaker et al., 1995; Johnson et al., 1996; Vance et al., 2003) en condiciones de baja 
concentración de P en el tejido vegetal (Keerthisinghe et al., 1998). 
La secreción de protones y ácidos orgánicos (por ejemplo citrato y malato) mediante la raíz es 
utilizada por plantas como las legumbres (Ae et al., 1991) para incrementar la disponibilidad de P en 
el suelo (Hoffland et al., 1989; Jones, 1998; Hinsinger, 2001) hasta en 10 veces respecto a la 
disponibilidad en ausencia de dichos compuestos
Cajanus cajan L. y Medicago sativa L. (Ae et al
fenólicos que contribuyen a hacer más disponible el P del suelo. El método más eficaz para la toma 
de P es la simbiosis de las raíces de las plantas con micorrizas (Bolan, 1991; Smith 
incrementar desmesuradamente la superficie absor
 
1.5.3 El ciclo del fósforo en el suelo 
El ciclo del P está condicionado por las formas orgánicas e inorgánicas presentes, actividad 
biológica, química del suelo, humedad, temperatura, plantas y microorganismos (Figura 1.4).
Figura 1.4. Ciclo del fósforo en el suelo. 
 
1.5.3.1 Reacciones de P en el suelo 
El P es el elemento menos móvil y disponible para las plantas (Hinsinger, 2001) debido a la gran 
capacidad de reacción de los iones de P con los componentes del suelo, lo que determina su baja 
solubilidad. Su concentración en el suelo varía entre 0.1 y 10 µM (
Kirkby, 2001), valores inferiores a los considerados óptimos para el crecimiento adecuado de las 
plantas (> 10 µM; Föhse et al., 1988). En suelos mediterráneos, la mineralogía y el tipo de 
reacciones que ocurren reducen aún más la biodisponibilidad de P (Matar 
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 (Grinsted et al., 1982). Otras plantas como 
., 1990; Masaoka et al., 1993) secretan compuestos 
et al., 2001) al 
bente de nutrientes del suelo. 
 
 
Frossard et al., 2000; Mengel y 
et al., 1992).  
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Al aplicar fertilizantes de P para aumentar su disponibilidad hay que considerar ciertas 
reacciones que tienen lugar en el suelo (protonación, adsorción, precipitación, desorción y 
disolución de P). 
La presencia de los diferentes iones de P en disolución está determinada por el pH, que produce 
una disociación del ácido ortofosfórico (H3PO4) en H2PO4–, HPO4–2 o PO4–3 en función del pH de la 
disolución (protonación). Estos iones tienden a unirse principalmente con cationes metálicos como 
Ca y Mg (en suelos básicos), Fe y Al (en suelos ácidos) (Lindsay, 1979) o con ácidos orgánicos 
como malato o citrato. 
Por otra parte, el P puede ser adsorbido por distintos constituyentes del suelo con carga positiva 
superficial para atraer a los iones de P (cargados negativamente), que se adsorben por cambio de 
ligando formando complejos de esfera interior en la superficies de carga variable del suelo (Sposito, 
1989). Este tipo de reacciones son relativamente rápidas en su mayor parte (horas a días), sin 
embargo, cuando la concentración de P en la disolución del suelo es baja, las reacciones se hacen 
más lentas porque dependen de procesos de difusión dentro del adsorbente (Barrow, 1987), de 
cambio de complejos (Kafkafi et al., 1967) y difusión dentro de zonas defectuosas o de microporos 
de las partículas adsorbentes (Torrent et al., 1992; Agbenin y Tiessen, 1995). Los óxidos de Fe y Al 
tienen un papel destacado en la adsorción de iones de P en suelos de amplio rango de pH (Matar et 
al., 1992; Samadi y Gilkes, 1998; Rahmatullah y Torrent, 2000) pero la mayor absorción ocurre al 
disminuir el pH debido a que las cargas positivas de los óxidos de Fe y Al se ven incrementadas 
(Quang et al., 1996; Strauss et al., 1997). La capacidad máxima de adsorción de los distintos óxidos 
puede situarse en torno a 2.5 µmol P m―2 para óxidos poco cristalinos (Borggard, 1983a; Torrent et 
al., 1994), lo que unido a la alta superficie específica (100−400 m2 g―1; Borggard, 1983a) y 
reactividad (Schwertmann y Taylor, 1989) hace que sean los principales sorbentes de P (Borggard, 
1983b). 
Los minerales de arcilla también tienen una alta afinidad por la adsorción de los iones de P. La 
capacidad de adsorción de P dependerá de la superficie ocupada por los bordes de las caras y el 
número de grupos reactivos (Matar et al., 1992) y se realiza mediante cambio de ligando con grupos 
(OH)H coordinados a los iones situados en el borde del cristal (White, 1981), siendo inferior a la de 
los óxidos de Fe (Borrero et al., 1988; Solís y Torrent, 1989). 
El carbonato cálcico (calcita) puede actuar como fuente y sumidero de iones de P (Suzuki et al., 
1986; Sø et al., 2011). El P se adsorbe en la calcita por sustitución de moléculas de H2O, HCO3― o 
OH― (Matar et al., 1992). Su reducida superficie específica (<1 m2 g―1; Sø et al., 2011) es el 
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principal factor que influye en la adsorción de P (Madsen, 2001), junto a la actividad de Ca+2, CO3―2 
(Zachara et al., 1993) y H+ (Somasundaran y Agar, 1967) en la solución del suelo. La capacidad de 
adsorción de la calcita puede variar entre 0.1−0.4 µmol P m―2 (Borrero et al., 1988) por lo que 
puede considerarse un componente secundario en lo que respecta a la adsorción de P.. 
La capacidad de la materia orgánica para adsorber P se reduce a la presencia de cationes de 
Fe, Al y Ca. En ausencia de dichos cationes, la materia orgánica compite por los lugares de 
adsorción de P (Afif et al., 1995).  
Por otra parte, en condiciones de alta fertilización fosfatada de suelos, parte del P se encuentra 
en forma precipitada en función del pH de la solución del suelo (Figura 1.5). Así, a pH ácido los 
minerales precipitados dominantes serán fosfatos de Fe y de Al (Lindsay et al., 1989), estrengita 
[FePO4·H2O], vivianita [Fe3(PO4)2·H2O], variscita [AlPO4·H2O] y varios del grupo de la 
plumbogumbita [(PbAl3(PO4)(PO3OH)(OH)6]. En condiciones de pH neutro y alcalino los minerales 
precipitados serán fosfatos de Ca (Lindsay et al., 1989), como el fosfato dicálcico (CaHPO4·2H2O), 
octocálcico [Ca8H2(PO4)6·5H2O], hidroxiapatito [Ca5(PO4)3(OH)] e incluso apatito. 
Según Matar et al. (1992) las reacciones de adsorción predominan a concentraciones de P en 
equilibrio bajas, mientras que las de precipitación a concentraciones altas. Sin embargo, Li y 
Stanforth (2000) han demostrado que la precipitación de fosfatos de Fe en goethita puede ocurrir 
con concentraciones de P muy bajas, sin que haya ocurrido la saturación de la superficie del óxido 
de Fe. Esto indica que la relación entre la precipitación y la disolución no es del todo clara, 
dependiendo, entre otros factores, del pH. 
No todo el P adsorbido pasa a la disolución / es desorbido (Kafkafi et al., 1967), lo que se 
conoce como “histéresis” y origina una pérdida de fertilizante fosfatado fuertemente adsorbido en el 
suelo (Sanyal y de Datta, 1991). Los principales causantes de esta histéresis son la cinética de 
liberación más lenta del P, debida en parte a los microporos del suelo (Van der Zee y van Riemskijk, 
1991), junto a las formas de P y el grado de saturación de las superficies adsorbentes en los suelos 
(Torrent y Delgado, 2001). La adsorción de iones de P por otros constituyentes del suelo (Rajan et 
al., 1996) y la participación de ligandos como los ácidos orgánicos que complejen el Ca, Fe o Al, o 
cualquier cambio que produzca variación en el pH del suelo, favorecerán la disolución de los 
precipitados fosfatados (Jurinak et al., 1986) restableciendo el equilibro del P en disolución. 
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Figura 1.5. Solubilidad de varios minerales de P (Lindsay, 1979
 
1.5.3.2 Fósforo lábil o disponible para las plantas
Existe un variado conjunto de métodos para la determinación de la disponibilidad de P en el 
suelo. Ninguno de ellos es definitivo, presentando ciertas limitaciones, lo que ha provocado que en 
Europa haya 16 métodos oficiales de determinación de P disponible en suelo (Neyroud y Lischer, 
2003). 
En primer lugar, el empleo de extractantes químicos, ampliamente 
analítica, se basa en la determinación del P adsorbido, del P soluble y del P inorgánico de residuos 
vegetales del suelo. El método Olsen (Olsen et al
a 5, utiliza como extractante el bicarbonato sódico 0.5 M a pH 8.5. Otros métodos similares han sido 
descritos por Bowman et al., (1978) y Matar et al
En segundo lugar, las resinas de intercambio aniónico imitan la extracción de P de la disolución 
del suelo que realizan las plantas. Las más comunes son las fuertemente básicas en forma de Cl
(Sen Tran et al., 1988) o de HCO3– (Raven y Hossner, 1994). Si junto a éstas se emplean resinas de 
intercambio catiónico (Somasiri y Edwards, 1992) se aumenta la capacidad de extracción de P. Otro 
tipo de intercambiadores son las membranas de resina que estiman los flujos de P que tienen lugar 
en el suelo (Mason et al., 2008).  
En tercer lugar, las bandas de papel impregnadas con óxidos de 
1989) tienen el inconveniente de la posible adhesión de partículas de suelo de tamaño fino (Myers 
 
; Lindsay et al., 1989). 
 
usado por su comodidad 
., 1954), aconsejable para suelos con pH superior 
. (1988). 
– 
Fe (ferrihidrita; Menon et al., 
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et al., 1995), reduciendo la capacidad de adsorción de P. La goethita se emplea también en este 
sentido en membranas de diálisis (Delgado y Torrent, 1997). 
En cuarto lugar, la determinación de P mediante intercambio isotópico (Bühler et al., 2003) 
presenta el inconveniente de que la adición de una solución de P junto con el isótopo puede alterar 
el equilibrio y afectar a la medida (Frossard et al., 1994), por lo que deberían aplicarse diluciones de 
la solución isotópica (Sen Tran et al., 1988). 
Por último, el método de electroultrafiltración (Simard y Sen Tran, 1993) consistente en 
promover la desorción de P mediante la aplicación de una diferencia de voltaje, tiene las 
limitaciones de que sólo sirve para comparar suelos similares (Nemeth, 1985) y la frecuente 
obturación en el filtro de extracción. 
 
1.5.3.3 Relación del fósforo con los componentes edáficos involucrados en la clorosis férrica 
La concentración de P en disolución de suelos calcáreos es muy baja, por lo que algunos 
autores afirman que no puede ser inductor de clorosis férrica (Kolesch et al., 1987a; Mengel y 
Kirkby, 2001). No obstante, el P puede formar complejos insolubles con el Fe (Hirsch et al., 2006) o 
ser adsorbido por los óxidos de Fe (Cornell y Schwertmann, 2003) debido a la alta afinidad por los 
grupos hidroxilo de la superficie de los mismos (Torrent, 1987; Schwertmann y Taylor, 1989; Bigham 
et al., 2002). Además, el fosfato compite con ciertos compuestos que facilitan la toma de Fe por la 
planta, como los ácidos orgánicos (Geelhoed et al., 1999) y los sideróforos (Hiradate y Inoue, 1998) 
por los sitios de adsorción de la superficie de los óxidos de Fe. De esta manera, el fosfato puede 
reducir la solubilidad del Fe y, por tanto, su disponibilidad para la planta (Borggaard, 1991; Celi et 
al., 2003; Cornell y Schwertmann, 2003; Zheng et al., 2009).  
 
1.6 Objetivos  
 
El objetivo general de la presente tesis doctoral fue el de racionalizar el posible papel de la 
fertilización fosfatada y el nivel de P del suelo en la incidencia de la clorosis férrica en plantas 
sensibles sobre suelos calcáreos. 
Para la consecución de este objetivo general se plantearon une serie de experimentos con 




(1) Evaluación del efecto de la fertilización fosfatada en plantas con diferente estrategia para 
adquirir Fe cultivadas en sustratos artificiales inductores de clorosis férrica (Capítulo II).  Se 
usaron para ello mezclas de arena calcárea, arena recubierta de óxidos de Fe y arena cuarzosa, a 
fin de simular los componentes edáficos involucrados en la deficiencia de Fe. En un experimento 
preliminar en cámara de crecimiento se cultivaron plantas dicotiledóneas en dos sustratos, uno de 
ellos con alto contenido en óxidos de Fe y bajo contenido en calcita, y otro, más inductor de clorosis, 
con bajo contenido en óxidos de Fe y alto contenido en calcita. Posteriormente, una vez 
comprobado en qué situaciones la fertilización fosfatada alteraba la disponibilidad de Fe para la 
planta, se crearon nuevos sustratos inductores de clorosis férrica para un experimento factorial (tres 
factores: óxidos de Fe, calcita y nivel de fosfato). En esta ocasión el experimento se realizó para 
una dicotiledónea (altramuz) y una monocotiledónea (sorgo).  
 
(2) Determinación de las propiedades del suelo que modulan el efecto de la fertilización 
fosfatada en la incidencia de la clorosis férrica en especies con diferente estrategia de 
adquisición de Fe (Capítulo III). Para ello se utilizaron suelos calcáreos de Andalucía en los que se 
había observado tradicionalmente clorosis férrica en olivo y vid. En un primer ensayo en cámara de 
crecimiento con una dicotiledónea (altramuz) y una monocotiledónea (sorgo) en 24 suelos calcáreos 
se aplicaron dos tratamientos: control y alta dosis de P. En un segundo ensayo de tres años de 
duración se cultivaron en umbráculo plántulas de olivo ‘Arbequina’ en dos suelos calcáreos con 
cinco dosis de P.  
 
(3) Determinación del efecto de la fertilización fosfatada en olivo cultivado en distintos suelos 
calcáreos en función del nivel de Fe biodisponible (Capítulo IV). Para cumplir este objetivo se 
estudiaron cuatro fincas experimentales de olivos afectados por clorosis férrica y localizadas en 
Córdoba (Baena, cv. Picudo y Aldea Quintana, cv. Arbequina y cv. Ocal) y Sevilla (Gilena, cv. 
Manzanillo). El seguimiento y evaluación del estado de los olivos se realizó a lo largo de 4 años, 
previa inyección al suelo de distintas dosis de P. 
 
(4) Evaluación de la efectividad de ácidos orgánicos rizosféricos (cítrico, oxálico y málico) 
para aliviar la clorosis férrica en plantas cultivadas en suelos con elevado contenido de P y 
distinto contenido en Fe biodisponible (Capítulo V). Se utilizó garbanzo como planta modelo en 
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un ensayo de invernadero de duración cercana a un mes utilizando para ello dos suelos con distinto 
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Abstract 
The possible influence of phosphorus (P) on iron (Fe) deficiency chlorosis in susceptible plants 
needs elucidation. In this work, we tested the hypothesis that Fe chlorosis can be aggravated at high 
levels of P in the substrate. Chickpea, lupin and peanut (in a preliminary experiment), and lupin and 
sorghum (in a second, factorial experiment) were successively grown on artificial substrates 
consisting of mixtures of Fe oxide-coated sand (FOCS), calcium carbonate (calcite) sand (CCS) and 
quartz sand to which phosphate was added at different doses. The proportion of FOCS in the 
substrate had a significant positive effect on leaf chlorophyll concentration (as estimated via SPAD) 
in all crops. In the factorial experiment, the SPAD value was negatively affected by the proportion of 
CCS in the dicot (lupin) but not in the monocot (sorghum). In the preliminary experiment, increasing 
the P dose generally had little effect on the SPAD of plants grown on the FOCS-rich substrate but a 
negative effect on those grown on the FOCS-poor substrate. In the factorial experiment, the P dose 
negatively affected SPAD in both lupin and sorghum. Iron acquisition by the plant is negatively 
influenced by P probably because the solubility of the Fe oxides decreases with increasing coverage 
of their surfaces by sorbed phosphate.  
Keywords 
Iron chlorosis, Iron deficiency, Iron oxides, Phosphate 
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CHAPTER II. PHOSPHATE AGGRAVATES IRON CHLOROSIS IN SENSITIVE PLANTS GROWN 
ON MODEL CALCIUM CARBONATE―IRON OXIDE SYSTEMS 
2.1 Introduction 
Iron (Fe) deficiency, which is typically characterized by interveinal yellowing (chlorosis) of young 
leaves and reduced plant growth, is a widespread nutritional disorder affecting sensitive plants 
(citrus, olive, grapevine, cereals and berries, among others) grown on calcareous soils. The key 
factors affecting the phytoavailability of Fe in calcareous soils are the concentration and reactivity of 
Fe oxides (Juste and Pouget, 1972; Chaney 1984; Loeppert and Hallmark, 1985; del Campillo and 
Torrent, 1992; Aly and Soliman, 1998; Velázquez et al., 2004; de la Torre et al., 2010) and the 
properties of carbonates. The latter, mainly in the form of calcite or Mg-calcite, affect the 
concentration of the bicarbonate ion (HCO3―), which is a major factor inducing Fe chlorosis (Mengel 
et al., 1984; Romera et al., 1992; Alcántara et al., 2000), and buffer pH at alkaline values, where the 
solubility of Fe is at a minimum (Loeppert et al., 1984; Lindsay, 1984; Loeppert, 1986; Wei et al., 
1997). Soil factors known to modulate in one sense or another the solubility of the source Fe phases, 
and the acquisition of Fe by the plant, include the contents of organic matter (Loeppert, 1986) and 
clay (Loeppert and Hallmark, 1985; del Campillo and Torrent, 1992; Benítez et al., 2002), the level of 
available K (Chen and Barak, 1982), the relative concentration of NO3― and NH4+ (Mengel and 
Geurtzen, 1986; Lucena, 2000), the degree of aeration, and hence concentration of CO2 and 
bicarbonate (HCO3―) in the soil solution (Chaney, 1984; Loeppert, 1986), and the occurrence of 
temporary reducing conditions (Velázquez et al., 2004; Sánchez-Alcalá et al., 2011).  
The possible influence of phosphorus (P) on Fe chlorosis has yet to be elucidated. The 
observation that the P/Fe ratio was substantially higher in chlorotic than in non-chlorotic leaves (de 
Kock, 1955), and that bicarbonate increased phosphate availability in soil, and thus uptake of 
phosphate, with a concomitant detrimental effect on the uptake of Fe (Brown et al., 1959), prompted 
experiments to investigate whether high soil phosphate levels could induce Fe chlorosis. Marschner 
and Schropp (1977) showed that the application of high rates of phosphate fertilizer induced Fe 
chlorosis in pot-grown grapevine. However, this effect was not observed by Kovanci et al. (1978) in 
field-grown mandarin, Müllner (1979), Mengel et al. (1979) and Kolesch et al. (1987a) in field-grown 
grapevine, Kolesh et al. (1987b) and Mengel et al. (1984) in pot-grown grapevine, Samar et al. 
(2007) in pot-grown ‘Delicious’ apple, and Balal et al. (2011) in two pot-grown prunus rootstocks. 
These results supported the idea put forward by Mengel et al. (1984) that the high P content found in 
chlorotic leaves was the result and not the cause for Fe chlorosis. Experiments with soil-less media 
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yielded mixed results. So, phosphate did not induce Fe chlorosis in peach rootstocks grown in 
nutrient solution (Romera et al.,1991), the severity of Fe chlorosis in Banksia ericifolia increased as 
the P supply increased (Handreck et al., 1991), and strawberry cultured using nutrient solutions rich 
in P exhibited interveinal yellowing (Choi et al., 2012). 
Phosphate is the most widely investigated inorganic ligand that adsorbs on Fe oxides (Cornell 
and Schwertmann, 2003) because of its high affinity for the hydroxyl groups of the surfaces of these 
minerals (Torrent, 1987; Schwertmann and Taylor, 1989; Bigham et al., 2002). Phosphate, generally 
inhibits Fe dissolution and hence phytoavailabily (Borggaard, 1991; Celi et al., 2003; Cornell and 
Schwertmann, 2003). Phosphate can displace complexing agents (organic acids and siderophores) 
that are crucial for the detachment of Fe from the surface of the Fe oxides and its transport in soil 
and to the plant roots, as e.g., citrate (Geelhoed et al., 1999) or mugineic acid (Hiradate and Inoue, 
1998). This effect should obviously increase with increasing coverage of the Fe oxides surfaces with 
phosphate, thus aggravating the problem in P-rich Fe chlorosis-inducing soils.  
In calcareous systems, the (bi)carbonate anion also binds to the surfaces of the Fe oxides, 
although much more weakly than phosphate. However, (bi)carbonate can compete with the 
phosphate anion for the adsorption sites only if concentration in solution of the former is high. At the 
(bi)carbonate concentration typical in the solution of calcareous systems in contact with air (<5 mM), 
competition has been found to be rather limited (Rahnemaie et al., 2007).  
Phosphate added to calcareous systems is adsorbed at the calcite surface by replacing water 
molecules, carbonate ions or hydroxyl ions. Because of the low P sorption capacity and phosphate-
bonding energy of calcite surface relative to that of the Fe oxides (Holford and Mattingly, 1975), and 
the low surface area of soil carbonates, calcite plays a secondary role in P sorption provided that Fe 
contents are not very low (Ryan et al., 1985; Borrero et al., 1988; Matar et al., 1992). At high P 
loadings, one can expect precipitation of Ca phosphates once the surfaces of the Fe oxides have 
been saturated (Castro and Torrent, 1998). 
In this work, we tested the hypotheses that Fe chlorosis increases with decreasing proportion of 
Fe oxide-coated sand (FOCS) and, increasing proportion of calcium carbonate (calcite) sand (CCS) 
in artificial calcareous substrates, and that the addition of P can aggravate Fe chlorosis via 
interaction of phosphate with FOCS and CCS surfaces. Whit this aim, experiments with three 
dicotyledons (chickpea, lupin and peanut) and one monocotyledon (sorghum) were conducted in 
which plants were pot-grown on artificial substrates consisting of mixtures of FOCS, CCS and quartz 
sand. The working hypothesis was that these substrates are suitable to test the previous hypotheses 
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because the concentration and reactivity of the Fe oxides and calcite —the key factors that relate to 
Fe chlorosis— can be tailored while excluding at the same time other natural soil components or 
properties that can influence plant Fe uptake. 
 
2.2 Materials and methods 
2.2.1 Substrate preparation 
Quartz sand of aeolian origin was sieved to 0.2−0.5 mm, washed with a large volume of tap 
water enriched with Na2CO3 (pH 9.5) to disperse clay, washed with deionized water to remove salts, 
and finally dried in oven at 40 ºC. The specific surface area of this sand as measured by N2 
adsorption (BET method) was 0.14 m2 g―1, the citrate/bicarbonate/dithionite-extractable Fe (Fed), 
which measures the total content in Fe oxides (Mehra and Jackson, 1960), was 40 mg kg―1, and the 
available P (Olsen et al., 1954) 0.3 mg kg―1. Part of this quartz sand was coated with Fe oxide 
(essentially ferrihydrite) according to the method described by Rahmatullah and Torrent (2000) 
(Chapter VIII, Figure 1A.1). This Fe oxide-coated sand (FOCS) had 380 mg kg―1 of Fed, 210 mg 
kg―1 of acid oxalate-extractable Fe (Feox) (Schwertmann, 1964), and 250 mg kg―1 of 
citrate/ascorbate- extractable Fe (Feca) (Reyes and Torrent, 1997). Both Feox and Feca are 
considered provide a good estimate of the Fe present in the form of poorly crystalline Fe oxides 
(Reyes and Torrent, 1997).  
Cretaceous limestone collected from a quarry in the province of Seville (Spain) was ground and 
sieved to 0.2―0.5 mm, washed several times with tap water, once with deionized water to remove 
clay particles and impurities, and finally dried in an oven at 40 ºC. This washing and drying process 
was repeated in order to obtain nearly pure calcium carbonate sand (CCS). This CCS had a specific 
surface area of 0.27 m2 g―1 (BET method), 120 mg kg―1 of Fed, 105 mg kg―1 of Feca, and 1 mg kg―1 
of Olsen P. Different mixtures of CCS and FOCS were prepared for the experiments described 
below. 
 
2.2.2 Cropping experiments 
In a preliminary experiment, which was designed to have a first appraisal of the effect of Fe 
oxides, carbonate and phosphate on the severity of Fe chlorosis, two mixtures of FOCS, CCS and 
quartz sand were prepared. One had 4% FOCS, 40% CCS and 56% quartz sand and the other 10% 
FOCS, 10% CCS and 80% quartz sand (henceforward denoted as “FOCS-poor” and “FOCS-rich” 
substrate, respectively). In this experiment, phosphate [as Ca(H2PO4)2] was applied in widely 
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different ways, as follows: (i) by adding 100 mL of a 0.02 mg P L―1 solution to 250 g of the mixture 
placed in a pot before each cropping, which resulted in a P dose of 2 µg P pot―1; (ii) by spraying the 
FOCS and CCS with a P solution at respective rates of 10 and 1 mg P kg―1 before mixing the sands; 
and (iii) by spraying the CCS with a P solution at a rate of 100 mg P kg―1 before mixing the sands. 
The combination of last two P application modes with the two substrates resulted in P doses of 200, 
275, 2 500, and 10 000 µg P pot―1 (Table 2.1).  
 
Table 2.1 Preliminary experiment: SPAD value at harvest, dry weight (DW), total P, Fe and Zn uptake, and Fe/P ratio (mean ± 
standard error) in chickpea, lupin and peanut as a function of the proportions of Fe oxide-coated sand (FOCS) and calcium 




SPAD DW P Fe Zn Fe/P 
(wt%) 
  
(µg pot –1) 
 
(at harvest) (g) (mg) (µg) (µg) (µg mg–1) 
Chickpea 






























34.3 ± 1.4 0.22 ± 0.01 0.45 ± 0.02 22.2 ± 0.5 7.8 ± 0.6 50 ± 1 
P 
    
< 0.001 0.024 < 0.001 0.617 0.417 0.002 
Lupin 






























50.0 ± 1.3 0.26 ± 0.02 0.71 ± 0.02 16.2 ± 0.7 6.4 ± 0.4 23 ± 0 
P 
    
< 0.001 0.175 < 0.001 < 0.001 0.004 0.022 
Peanut 






























31.8 ± 1.7 0.55 ± 0.07 1.70 ± 0.19 26.3 ± 2.4 15.8 ± 1.8 16 ± 1 
P 
    
< 0.001 0.428 0.007 0.003 0.961 < 0.001 
 
In a second, factorial experiment, nine mixtures of the three sands were used according to a 
factorial design in which the proportions of FOCS were 2, 4 and 8%, and those of CCS 12, 25 and 
50%. Phosphate was applied at a dose of 2 µg P pot―1 as in the preliminary experiment (“Low-P” 
treatment) or as a Ca(H2PO4)2 solution sprayed on the substrate at a rate of 100 mg P kg−1 resulting 
in 25 000 µg P pot―1  (“High-P” treatment). The pH of the media in both experiments was buffered at 
8.2. 
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For the cropping experiments, 250 g of substrate were placed in cylindrical plastic pots 5.5 cm in 
diameter and 15 cm high provided with a drainage hole at the bottom. Chickpea (Cicer arietinum L., 
cv. ICC 11224), lupin (Lupinus albus L.), peanut (Arachis hypogaea L.) in the preliminary 
experiment, and lupin and sorghum (Sorghum bicolor L. cv. O3CS900/899) in the factorial 
experiment were successively pot grown. Seeds were germinated for 72 h at 25 ºC and two or three 
seedlings were transplanted to each pot, which was placed in a growth chamber with a photoperiod 
of 16 h day―1, a light intensity of 270 µmol m―2 s―1, a temperature of 25 ºC and a relative humidity 
of 45−55% for 20−25 days. A micronutrient-rich, Fe-free, P-poor modified Hoagland nutrient solution, 
in which the micronutrient concentrations were twice than those of the Hoagland solution (to avoid 
deficiencies other than that of Fe), was applied according to the needs of each crop. The 
composition of the nutrient solution was Ca(NO3)2·4H2O (5 mM), KNO3 (5 mM), MgSO4 (2 mM), KCl 
(0.1 µM), Ca(H2PO4)2·H2O (0.3 µM), H3BO3 (50 µM), MnSO4·H2O (4 µM), ZnSO4·7H2O (4 µM), 
CuSO4·5H2O (0.1 µM), Na2MoO4 (6 µM). The pots were weighed daily and kept at near field 
capacity with deionized water. The electrical conductivity of the drainage water was measured to 
detect any significant increase in salinity. Four replicates were used in all treatments and 
experiments. 
After the appearance of the first symptoms of iron chlorosis (typically during the second week 
after transplanting), the leaf chlorophyll concentration was estimated via the SPAD value (SPAD 502 
Portable Chlorophyll Meter, Minolta Camera Co., Osaka, Japan). To validate the SPAD readings, 24 
(preliminary experiment) and 72 (factorial experiment) of the younger and completely expanded 
leaves exhibiting a variable degree of Fe chlorosis were collected from various plants from each crop 
(Chapter VIII, Figure 1A.2). After measuring the leaflet fresh weight, surface area and SPAD, 
chlorophyll was extracted with 96 wt% ethanol and its concentration measured according to the 
method of Wintermans and de Mots (1965). For sorghum, a 1-cm2 portion of the central part of 
youngest leaf was used. Because SPAD and leaf chlorophyll concentration per unit surface were 
highly correlated (chickpea: r = 0.82, p = 0.000; lupin: r = 0.98, p = 0.000; peanut: r = 0.96, p = 
0.000; sorghum: r = 0.84, p = 0.000), the SPAD value was adopted as a reliable proxy for chlorophyll 
concentration. 
At the end of the growth period, plant height was measured and leaves were counted before 
cutting the plant. Dry weight (DW) was determined after drying the plant at 65 ºC for at least 72 h. 
Mineral element concentrations were determined after digestion with nitric and perchloric acids 
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(Zazoski and Burau, 1977). Iron and Zn in solution were determined by atomic absorption 
spectrophotometry and P by the molybdenum blue method of Murphy and Riley (1962).  
 
2.2.3 Statistical analyses 
Statistical analyses were performed using STATISTIX 9.0 software (Analytical Software, 
Tallahassee, FL, USA). The analysis of variance (ANOVA) was based on (i) a randomized block 
design in the preliminary experiment (six treatments resulting from the different combinations of 
substrate and P dose); and (ii) a completely randomized factorial design with three factors (FOCS, 
CCS and P dose) in the factorial experiment. Means were separated using the Least Significant 
Difference (LSD) test at a probability level of 0.05. Unless otherwise indicated the term “significant” 
refers to this probability level. 
 
2.3 Results 
2.3.1 SPAD values   
Table 2.1 shows the SPAD value at harvest for the three crops in the preliminary experiment as a 
function of substrate type and P dose (SPAD values at different days are shown in Chapter VIII, 
Table 1A.1 and Figure 1A.3). The SPAD value of plants grown on the FOCS-rich (CCS-poor) was 
significantly higher than that of plants grown on the FOCS-poor (CCS-rich) substrate at all times and 
P levels; such differences in SPAD tended to increase in the third crop. Increasing the P dose had 
no effect on the SPAD of plants grown on the FOCS-rich (CCS-poor) substrate. By contrast, P had a 
negative significant effect in the three crops in the case of the FOCS-poor (CCS-rich) substrates. 
SPAD differences between plants grown on FOCS-rich (CCS-poor) and FOCS-poor (CCS-rich) 
substrates, as well as those between plants grown on substrates with different P dose, were not 
accompanied by significant differences in leaflet weight and surface (Chapter VIII, Table 1A.1). This 
excludes the hypothesis that high SPAD values could be the result of decreased leaf growth. 
Figure 2.1 shows the SPAD values at harvest (22 and 25 DAT in lupin and sorghum, 
respectively) for the different substrates and P doses in the factorial experiment (SPAD values at 
different days are shown in Chapter VIII, Table 1A.2). The ANOVA for lupin showed percent FOCS, 
percent CCS and P dose to have a significant effect on SPAD (Table 2.2). As it can be seen in 
Figures 2.1a−c, the proportion of FOCS had a positive effect on the SPAD of lupin while that of CCS 
was negative. The negative effect of P rate on SPAD was observed in eight substrates and was 
significant in two of them.  
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In sorghum, the ANOVA for SPAD showed significant effects of percent FOCS and P dose. By 
contrast the proportion of CCS had no significant effect, as Figs. 2.1d−f clearly illustrate for the 
SPAD at harvest. Although significant, the positive effect of percent FOCS, and the negative effect of 
P dose on SPAD were less evident than they were in lupin (cf. Figs. 2.1a−c). It should be noted here 
that the positive effect of P on sorghum growth (Table 2.2) could have resulted in a chlorophyll 
dilution effect and hence in a decrease of the SPAD value.  
 
Figure 2.1 Factorial experiment: SPAD values at harvest in lupin (a, b and c) and sorghum (d, e and f) as a 
function of the proportions of Fe oxide coated sand (FOCS), calcium carbonate sand (CCS) and P dose in the 






Table 2.2 Factorial experiment: SPAD value at harvest, height, dry weight (DW), total P, Fe and Zn uptake, 
and Fe/P ratio (mean) in lupin and sorghum as a function of the proportions of Fe oxide-coated sand (FOCS) 
and calcium carbonate sand (CCS) in the substrate. 
 
SPAD Height DW P Fe Zn Fe/P 
 
(at harvest) (cm) (g) (mg) (µg) (µg) (µg mg-1) 
Lupin 
       
FOCS (wt%) 
       
2 15.9 13.3 0.3 0.72 9.5 6.6 15 
4 20.5 13.1 0.3 0.63 9.3 6.0 17 
8 27.7 13.6 0.36 0.69 12.2 6.4 19 
P < 0.001 0.356 0.002 0.498 0.010 0.456 0.061 
CCS (wt%) 
       
12 31.1 13.5 0.36 0.71 13.0 6.3 21 
25 22.0 13.3 0.31 0.64 10.2 6.7 17 
50 11.0 13.1 0.29 0.69 7.8 6 12 
P < 0.001 0.545 0.002 0.214 < 0.001 0.395 < 0.001 
P dose (µg pot-1) 
       
2 24.5 13.6 0.33 0.54 10.5 7.5 21 
25,000 18.3 13.1 0.32 0.83 10.3 5.1 13 
P 0.001 0.095 0.413 < 0.001 0.671 < 0.001 < 0.001 
Interactions P 
FOCS × CCS 0.684 0.863 0.995 0.420 0.820 0.925 0.564 
FOCS × P 0.264 0.332 0.236 0.126 0.080 0.510 0.467 
CCS × P 0.493 0.801 0.747 0.006 0.811 0.982 0.061 
FOCS × CCS × P 0.096 0.201 0.332 0.798 0.776 0.880 0.659 
Sorghum 
       
FOCS (wt%) 
       
2 18.8 21.5 0.08 0.12 4.6 4.3 64 
4 17.7 22.3 0.08 0.16 4.9 4.7 60 
8 24.2 23.8 0.09 0.18 6.4 4.6 75 
P < 0.001 0.171 0.528 0.233 < 0.001 0.785 0.017 
CCS (wt%) 
       
12 19.8 21.5 0.07 0.1 4.8 4.2 72 
25 21.1 21.8 0.08 0.13 5.3 4.7 70 
50 19.9 24.4 0.1 0.23 5.8 4.8 56 
P 0.567 0.044 0.024 < 0.001 0.22 0.222 0.079 
P dose (µg pot-1) 
       
2 22 19.9 0.06 0.05 4.3 3.9 103 
25,000 18.5 25.2 0.11 0.27 6.3 5.3 29 
P 0.003 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Interactions P 
FOCS × CCS 0.090 0.412 0.657 0.562 0.080 0.093 0.177 
FOCS × P 0.010 0.273 0.254 0.139 0.050 0.047 0.007 
CCS × P 0.182 0.154 0.036 < 0.001 0.193 0.546 0.270 
FOCS × CCS × P 0.819 0.753 0.866 0.409 0.406 0.517 0.408 
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2.3.2 Plant growth 
Table 2.1 shows the dry weight at harvest of the three crops of the preliminary experiment as a 
function of P dose and substrate type. Plants grown on FOCS-rich substrates generally exhibited 
greater height (Chapter VIII, Table 1A.1 and Figure 1A.4) and dry weight than those grown on 
FOCS-poor substrates. Chickpea dry weight appeared to be affected by P dose albeit the (positive) 
effect of P seemed limited (Table 2.1). The negative effects of P on dry weight were consistent with 
its negative effects on leaflet weight and surface area (Chapter VIII, Table 1A.1). 
The plant height and dry weight at harvest of lupin and sorghum (factorial experiment) as a 
function of the proportions of FOCS, CCS and P dose are represented in Figure 2.2. For lupin, the 
ANOVA showed significant positive effect of percent FOCS and significant negative effect of percent 
CCS on dry weight, and no effect of P dose on any growth variable (Table 2.2 and Figure 2.2). 
These results are basically in line with those of the preliminary experiment for lupin.  
In contrast to lupin, sorghum height and dry weight (Table 2.2 and Figure 2.2) were not 
significantly affected by the proportion of FOCS but significantly and positively affected by the 
proportion of CCS in the substrate; also in contrast with lupin, P dose had a highly significant (p < 
0.001) positive effect on plant growth The CCS-P dose interaction for plant dry weight (p = 0.036) 
was due to the increased positive effect of P with increasing CCS proportion in the substrate. The 
effect of P fertilization on number of lupin and sorghum leaves and leaflet weight and surface area 
for lupin is shown in Chapter VIII, Table 1A.2.  
 
2.3.3 Total mineral nutrient in the aerial part 
The amounts of P and Fe taken up by the aerial parts of the crops in the preliminary and factorial 
experiments are shown in Tables 2.1 and 2.2, respectively. Although nutrient concentrations (see 
Chapter VIII, Tables 1A.3 and 1A.4) were above established critical levels (Benton Jones et al., 
1991; Reuter et al., 1997), some data deserve attention. Thus, sorghum plants grown on P fertilized 
substrates had significantly more nutrients than control plants due to their greater dry weight (Table 
2.2). As expected, the addition of P to the substrate had a significant positive effect on total P in the 
plant, which was particularly strong in sorghum (0.05 and 0.27 mg P in plants growing on low-P and 
high-P substrates, respectively). Although no symptoms of P deficiency (such as purple spots on 
leaves) were observed, differences in P availability between the two substrates are likely to have 
caused large differences in plant height and dry weight (Figs. 2.2b, d, f, and h). The CCS-P dose 
interaction for sorghum in the factorial experiment (p = 0.000) was due to the fact that the positive 
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Figure 2.2 Factorial experiment: height of lupin and sorghum as a function of P dose and the proportions of Fe 
oxide coated sand (FOCS) (a and b) and calcium carbonate sand (CCS) (c and d). Dry weight of lupin and 
sorghum as a function of P dose and the proportions of Fe oxide coated sand (FOCS) (e and f) and calcium 
carbonate sand (CCS) (g and h). Bars indicate the standard error (four replicates). 
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Plants growing on FOCS-rich substrates generally exhibited a higher Fe content than those 
growing on FOCS-poor substrates. This effect was particularly evident in lupin in the preliminary 
experiment. The content of Fe in this crop was also the one most negatively affected by the 
proportion of CCS in the substrate (Table 2.1). Increasing the P dose in FOCS-poor substrates in the 
preliminary experiment resulted in decreased Fe in lupin and peanut crops; this negative effect of P 
was not observed, however, in plants growing on FOCS-rich substrates. Iron uptake by lupin in the 
factorial experiment increased with increasing FOCS proportion and decreased with increasing CCS 
proportion (Table 2.2). However, P dose had a positive effect on total Fe in sorghum. A positive 
correlation between leaf Fe concentration (data not shown) and SPAD at harvest was found, which 
was significant in lupin (r = 0.94; p = 0.000 in the preliminary experiment, and r = 0.74; p = 0.000 in 
the factorial experiment), peanut (r = 0.65; p = 0.000) and sorghum (r = 0.53; p = 0.000) but not in 
chickpea (r = 0.39; p = 0.060). 
The Fe/P ratio was principally influenced by the total P uptake and increased significantly with 
increasing FOCS proportion, decreasing CCS proportion and decreasing P dose for lupin in the 
factorial experiment. Similar results were found for sorghum except that the proportion of CCS had 
no significant effect on that ratio. 
The total Zn in the aerial part was negatively and significantly affected by P dose in lupin in both 
the preliminary and factorial experiments (Tables 2.1 and 2.2). The weak FOCS-P dose interaction 
for Zn uptake by sorghum (p = 0.047) reflected that the positive effect of P on total Zn uptake 
increased with increasing proportion of FOCS in the substrate. 
 
2.4 Discussion 
The results of this study provide support to the working hypothesis that the model calcium 
carbonate−iron oxide systems are suitable as a tool to test the influence of these mineral 
components and phosphate on the development of Fe deficiency chlorosis in sensitive plants. This 
was also observed by Díaz et al. (2009) for one experiment in which grapevine was pot grown for 
100 days on analogous artificial substrates. The results of this study also support the hypothesis that 
the severity of Fe chlorosis decreases with increasing FOCS proportion in the substrate. This agrees 
with field observations and the results from pot experiments with soils and artificial substrates that 
poorly crystalline Fe oxides (mainly ferrihydrite) play a key role in supplying Fe to the plant (Loeppert 
and Hallmark, 1985; Morris et al., 1990; del Campillo and Torrent, 1992; Reyes et al., 2006; Benítez 
et al., 2002; Díaz et al., 2009; Sánchez-Alcalá et al., 2011). The positive effect of FOCS on SPAD 
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was clearly seen in both experiments (Tables 2.1 and 2.2, and Figure 2.1). The increases in SPAD 
were translated into increases in Fe uptake in lupin and peanut (preliminary experiment) and lupin 
and sorghum (factorial experiment) (Tables 2.1 and 2.2). Thus, the positive correlation between leaf 
Fe concentration with chlorophyll content or SPAD value found in this study contrasts with the results 
of other studies in which leaf chlorophyll concentration or index was uncorrelated with leaf Fe 
concentration, a phenomenon known as the “Fe chlorosis paradox” (Häussling et al., 1985; 
Römheld, 2000), whereby Fe can be accumulated in the plant tissues as a result of Fe deficiency 
reducing plant growth. The absence of this paradox can be partly attributed to the fact that, except 
for lupin (factorial experiment), plant growth was not positively influenced by the FOCS proportion.  
The effects of CCS can be clearly seen in the factorial experiment in which, in contrast with the 
preliminary experiment, there is no covariance between the proportions of FOCS and CCS (and the 
effects these variables can thus be separated). The proportion of CCS had a negative effect on 
SPAD and Fe uptake in lupin (Table 2.2 and Figure 2.1), consistent with the fact that protons 
released by Strategy I plants (dicots) as a response to Fe deficiency (Marschner and Römheld, 
1994) are neutralized by carbonate; thus, with increasing number of CCS grains near the root 
surface one can expect faster and more effective neutralization of these protons. In contrast, the 
proportion of CCS had no significant effect on sorghum SPAD and Fe uptake (Table 2.2 and Figure 
2.1), consistent with the fact that sorghum is, like other monocots, a Strategy II plant, which involves 
the excretion of phytosiderophores rather than protons (Marschner and Römheld, 1994). Sorghum 
also exhibited less variability in the degree of Fe chlorosis because Strategy II plants are less 
susceptible to lime-induced Fe chlorosis (Marschner, 1986), mainly because phytosiderophores they 
released are very effective in chelating the Fe in oxides at high pH (Sugiura et al., 1981).  
The effect of CCS on plant growth was negative for lupin, as is sometimes observed in other 
dicots (e.g. Díaz et al., 2009), but positive for sorghum (Table 2.2 and Figure 2.2). The latter result 
can be rationalized if one considers that the moderate increase in growth was related to a sharp 
increase in P uptake and a weak, non-significant increase in Fe uptake by sorghum. This was 
consistent with the idea that an increase in the proportion of CCS resulted in a higher proportion of 
phosphate bound to the low-energy binding sites of carbonate and hence in higher phosphate 
availability and plant growth. In lupin, this positive effect was counteracted by the more effective 
neutralization of the protons released by the roots at high proportions of CCS in the substrate.  
Increasing the P dose generally resulted in significantly decreased SPAD in the three crops of 
the preliminary experiment only when they were grown on FOCS-poor substrates (Table 2.1). This is 
Phosphate aggravates iron chlorosis in sensitive plants grown on artificial substrates 
45 
consistent with the fact that phosphate absorbed on the surface of the Fe oxides inhibits Fe 
dissolution and hence phytoavailability and that, for a certain P dose, the degree of coverage of the 
Fe oxides by phosphate decreases with increasing Fe oxide concentration in the substrate. 
A negative effect of the P dose on the SPAD was also found for lupin and sorghum in the 
factorial experiment (Table 2.2 and Figure 2.1). The effect was weaker in sorghum, where no 
significant negative effect of the P dose on SPAD was observed at the highest FOCS proportion 
(reflected in the significant FOCS × P dose interaction shown in Table 2.2). The lack of significant 
CCS × P interaction for SPAD in both crops suggests that the degree of coverage of the calcite 
surfaces with phosphate had no influence on the adverse effect of CCS on Fe chlorosis.   
In contrast with lupin, in which P dose had no effect on plant growth, sorghum dry weight and 
height (Table 2.2 and Figure 2.2) greatly benefited from the addition of P to the substrate. This 
addition also resulted in a great increase in P uptake, a moderate but significant increase in Fe 
uptake, and a sharp decrease in the Fe/P ratio, which was more pronounced for the 8% FOCS 
substrate (FOCS × P interaction in Table 2.2). All these results bring the question of whether the 
decrease in the SPAD of sorghum at high P dose was simply the result of the decrease in the 
concentration of Fe in the plant (mean values of 76 and 62 mg kg–1 DW for the low and high P dose, 
respectively). However, the Fe concentration-SPAD cause-effect relationship is far from having been 
clearly established, as the Fe chlorosis paradox described in other studies testifies. In fact, in 
sorghum, SPAD and Fe concentration were correlated when the values were grouped according to 
the FOCS but not to the CCS proportion (Table 2.2). Different degrees of Fe chlorosis for peanut 
(preliminary experiment), lupin and sorghum (factorial experiment) are shown in Chapter VIII, Figure 
1A.5. 
Increasing the P dose resulted in a significant decrease in Zn uptake in lupin (both experiments) 
and sorghum (Tables 2.1 and 2.2), consistent with the well known P-Zn interaction that occurs at 
high P availability in soils and artificial substrates (Loneragan et al., 1979; Rahmatullah and Torrent, 
2000). Zinc deficiency can result in leaf chlorosis; however, the concentration of Zn was unlikely to 
have negatively influenced SPAD in the present experiments because it was (i) always greater than 
~17 mg kg–1 DW in lupin and ~53 mg kg–1 DW in sorghum (Chapter VIII, Tables 1A.3 and 1A.4), 
which is above deficiency level in both crops (Benton Jones et al., 1991; Reuter et al., 1997), and (ii) 
uncorrelated to the SPAD value.  
In summary, high levels of P aggravate Fe chlorosis when the substrate is poor in Fe oxides, the 
detrimental effects of P being also a function of the plant. Our results cannot be compared with those 
Chapter II 
46 
obtained in hydroponic culture, where soil reactions (e.g. phosphate adsorption on soil constituents) 
are ignored, or translated in to soil systems, where reactions affecting P, Fe and other nutrients are 
more complex than those occurring in simple substrates. Field and pot experiments are thus needed 
in order to know the effects of P (over)fertilization on Fe chlorosis in sensitive dicot and monocot 
plants growing on calcareous soils. 
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Abstract 
Iron (Fe) deficiency chlorosis, a major nutritional problem in plants growing on calcareous soils, is 
related to the content and reactivity of soil Fe oxides and carbonates. The effects of other soil 
components, however, need elucidation. In this paper we tested the hypothesis that application of 
high doses of phosphorus (P) to the soil can aggravate Fe chlorosis. Lupin and sorghum were grown 
on 24 calcareous soils. Leaf chlorophyll concentration (LCC) in lupin decreased with increasing 
available P/available Fe ratio in the native soil but LCC in sorghum was unaffected by that ratio. 
Application of P to the soil resulted in significant LCC reduction in both crops. The effect was 
stronger and more consistent in lupin. By contrast, sorghum performance and LCC were positively 
affected by P fertilization for soils poor in P. In another experiment during 2009–2011, LCC of olive 
plants pot-grown on two soils was negatively influenced by P fertilization for only one soil in 2009 
and 2011, which is attributed to the other soil being richer in Fe oxides. Application of fertilizer P to 
Fe chlorosis-inducing soils is likely to aggravate this deficiency. However, this effect depends on the 
Fe and P statuses of the soil. 
Keywords 









Iron chlorosis severity in sensitive plants relates to soil phosphorus level 
51 
CHAPTER III. IRON CHLOROSIS SEVERITY IN SENSITIVE PLANTS RELATES TO SOIL 
PHOSPHORUS LEVEL 
3.1 Introduction 
Iron (Fe) deficiency chlorosis, a major nutritional problem in sensitive plants (fruit trees, olive, 
grapevine and berries, among others) growing on calcareous soils, has been related to (i) the 
content and reactivity of the Fe oxides, which are the main source of Fe to the plant (Juste and 
Peugeot, 1972; Loeppert and Hallmark, 1985; del Campillo and Torrent, 1992; Velázquez et al., 
2004; de la Torre et al., 2010) and (ii) the properties of carbonate (basically calcite), because this soil 
constituent buffers pH at alkaline values, where the solubility of Fe is at a minimum (Loeppert, 1986), 
and influences the bicarbonate ion (HCO3−) concentration, a major Fe chlorosis-inducing factor 
(Mengel et al., 1984; Romera et al., 1992). 
Among other soil factors that might influence Fe chlorosis, phosphorus (P) has received limited 
attention, although the concentration of (ortho) phosphate in the soil solution can vary widely (0.1–
100 µM). In experiments with soil-less media, phosphate was found to aggravate Fe chlorosis in 
some cases (Brown and Olsen, 1980; Chaney and Coulombe, 1982; Handreck, 1991; Ladouceur et 
al., 2006; Choi and Lee, 2012) but not in others (Romera et al., 1991). Field and pot experiments 
showed the severity of Fe chlorosis not to be affected by the application of high rates of P to the soil 
and the corresponding increase in P uptake by the plant (Mengel et al., 1984; Kovanci et al., 1978; 
Müllner, 1979; Kolesch et al., 1987a y b; Samar et al., 2007; Balal et al., 2011), the exception being 
the study of Marschner and Schropp (1977) with pot-grown grapevine. Taken together, these results 
were consistent with the idea put forward by Mengel et al.(1984) that the high P concentration found 
sometimes in chlorotic leaves was the result of, rather than the cause for the occurrence of Fe 
chlorosis. In a recent study, Sánchez-Rodríguez et al. (2013) showed that high levels of P indeed 
aggravated Fe chlorosis in chickpea, peanut, lupin and sorghum grown on artificial substrates 
prepared with mixtures of Fe oxide (ferrihydrite)-coated, calcium carbonate and quartz sand. This 
effect was particularly strong when the concentration of Fe oxide in the substrate was low, and it was 
explained by the fact that the phosphate ion, by being strongly adsorbed on the surface of the Fe 
oxides (Schwertmann and Taylor, 1989; Cornell and Schwertmann (2003), negatively affects the 
solubility of soil Fe (Borggard, 1991; Celi et al., 2003). Moreover, phosphate competes for the 
adsorption sites on the surface of Fe oxides with organic anions (Geelhoed et al., 1999) and 
siderophores (Hiradate and Inoue, 1998) that form surface complexes and cause the detachment of 
Fe ions from those surfaces. 
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The purpose of this study was to test the hypotheses that the application of high doses of P to 
the soil can aggravate Fe chlorosis in sensitive plants and that this effect is a function of the initial Fe 
and P statuses of the soil. To this end, two pot experiments were established. In the first, lupin and 
sorghum were pot-grown on 24 widely differing calcareous soils under growth chamber conditions. In 
the second, olive saplings were pot-grown on two calcareous soils in a shade house. 
 
3.2 Materials and methods 
3.2.1 Soil sampling and analysis 
The 24 soil samples used in Experiment 1 were collected in 2008 from the topsoil (0–30 cm) of 
calcareous soils in vineyards and olive orchards in various areas of southern Spain and were 
characterized in detail by Sánchez-Alcalá et al.(2011) For Experiment 2, samples were collected 
from the topsoil of an olive orchard located near Seville (Soil 1) and a vineyard in La Mancha region 
(Soil 2). In all cases the plants growing on these soils had shown or showed Fe chlorosis symptoms 
of variable severity. The samples were air-dried and ground to pass through a 2-mm sieve and 
analyzed in duplicate in the laboratory for the organic carbon (OC) (rapid dichromate oxidation), the 
content in clay sized particles (pipette method following dispersion with Na hexametaphosphate), 
total CaCO3 equivalent (CCE) [determined from the weight loss upon treatment with 6 M HCl] (van 
Wesemael 1955), active lime (Drouineau, 1942), pH (potentiometric measurement in a 1:2.5 
soil:water suspension), cation exchange capacity (CEC, extraction with 1 M NH4OAc buffered at pH 
7), electrical conductivity (EC) (in a 1:5 soil:water suspension with a conductivity meter),and Olsen P 
(extraction with 0.5 M NaHCO3 buffered at pH 8.5; Olsen et al., 1954). Citrate/bicarbonate/dithionite-
extractable Fe (Fed) was determined according to Mehra and Jackson (1960) except that extraction 
was carried out at 25º C for 16 h. NH4 oxalate-extractable Fe (Feox) at pH 3 was determined 
according to Schwertmann (1964) except that the soil:solution ratio was 1:200 in order to prevent 
significant pH change due to dissolution of soil carbonates during extraction (amendment proposed 
by Benitez et al., 2002). Citrate/ascorbate-extractable Fe (Feca) was determined according to Reyes 
and Torrent (1997) and diethylenetriaminepentacetic acid-extractable Fe (FeDTPA) according to 
Lindsay and Norvell (1978). All extractions were performed at room temperature (25º C) using 50 mL 
polyethylene centrifuge flasks that were shaken at 180 rpm in a reciprocating shaker. After 
extraction, the suspensions were centrifuged at 10 4 m s–2 for 15 min and supernatants analyzed for 
total Fe with the o-phenanthroline colorimetric method (Olson and Ellis, 1982). Atomic absorption 
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spectrophotometry was used for the DTPA extracts because this reagent prevents color 
development when the o-phenanthroline method is used. 
 
3.2.2 Experimental designs, plant materials, cropping and plant analyses 
3.2.2.1 Experiment 1 
Lupin (Lupinus albus L.) and sorghum (Sorghum bicolor L. cv. 03CS900/899) were successively 
pot-grown on 24 calcareous soils adopting a completely randomized experimental design with four 
replicates and two treatments: one with the intact soil (control or “–P” treatment), and one in which P 
was added to the soil (“+P” treatment). Cylindrical PVC pots of 5.5 cm diameter and 15 cm height 
provided with a drainage hole at the bottom and filled with 250 g of soil were used. In the +P 
treatment, 250 g of soil was spread over a tray, sprayed with 180 mL of 9 mM Ca (H2PO4)2, mixed 
thoroughly, spread again, and sprayed with 180 mL of the same solution to ensure a final dose of 
100 mg P kg–1 soil (corresponding to 25000 µg P pot–1). Seeds of lupin and sorghum were 
germinated for 72 h at 25 ºC in the dark and two seedlings were transplanted to each pot. After 
transplantation, the pots were transferred to a growth chamber with a photoperiod of 18 h day–1, a 
light intensity of 270 µmol m–2 s–1, a temperature of 25 ºC, and a relative humidity of 45–55%. One 
plant per pot was left 7 days after transplantation and the total growth period was 20 and 31 days for 
lupin and sorghum, respectively (see Chapter VIII, Figures 2A.1.a and 2A.2.a). A Fe-free modified 
Hoagland nutrient solution was applied according to the needs of each plant (50 mL for lupin and 70 
mL for sorghum). The composition of the nutrient solution was Ca(NO3)2·4H2O (5 mM), KNO3 (5 
mM), MgSO4 (2 mM), KCl (0.1 µM), H3BO3 (50 µM), MnSO4·H2O (4 µM), ZnSO4·7H2O (4 µM), Cu 
SO4·5H2O (0.1 µM), and Na2MoO4 (6 µM). The concentrations of micronutrients were double of 
those of the typical Hoagland standard solution to prevent possible deficiencies. For sorghum, the 
previously described nutrient solution contained KH2PO4 (0.2 mM). In addition, seven soils with low 
Olsen P values were irrigated with 10 mL of 3 mM Ca(H2PO4)2 because sorghum leaves started to 
show purple spots (indicating P deficiency; see Chapter VIII, Figure 2A.2.b) the third week. The pots 
were weighed and irrigated daily with deionized water to keep soil moisture field capacity. The 
electrical conductivity of the water draining from the pot was checked periodically to detect increases 
in salinity. 
In this experiment, the first symptoms of Fe chlorosis were observed the second week after 
transplantation. Thus, plant height, number of leaves and leaf chlorophyll concentration (LCC) in the 
youngest fully expanded leaves were measured at 10, 17 and 20 days after transplantation (DAT) for 
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lupin and at 17, 24 and 31 DAT for sorghum plants. The SPAD value (SPAD 502 Portable 
Chlorophyll Meter, Minolta Camera Co., Osaka, Japan), which was used as a proxy for LCC, was 
validated collecting 30 young and completely expanded leaflets for lupin (see Chapter VIII, Figure 
2A.1.b) and a 1-cm2 portion of the central part of the youngest leaves for sorghum exhibiting a 
variable degree of Fe chlorosis. Leaflet or leaf fresh weight, surface area and SPAD value were 
measured before extracting their chlorophyll with 96 wt.% ethanol according to Wintermans and de 
Mots (1965). The SPAD values were highly correlated with LCC in lupin (r = 0.98, p < 0.001) and 
sorghum (r = 0.94, p < 0.001). Therefore, SPAD constituted a reliable LCC proxy. 
At the end of the cropping period, plants were cut, dried at 65 ºC for no less than 72 h, weighed 
(dry weight), digested with nitric and perchloric acids (Zazoski and Burau, 1977), and calcium (Ca), 
magnesium (Mg), iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn) in solution determined by 
atomic absorption spectrophotometry, potassium (K) by flame emission, and phosphorus (P) by the 
molybdenum blue method of Murphy and Riley (1962). 
 
3.2.2.2 Experiment 2 
In this experiment, a randomized block design with five treatments (P rates) and four blocks was 
used. The experimental unit was a cylindrical PVC pot 15 cm diameter and 45 cm height provided 
with four drainage holes at the bottom and filled with 6.5 kg of soil where one four months old olive 
(Olea europaea L. cv. Arbequina) plant was transplanted in April 2009. ‘Arbequina’ was selected 
because is Fe-chlorosis susceptible and economically important in Spain. The P rates were 0 
(control), 25, 50, 100 and 200 mg P kg–1 soil that were applied by spraying 110 mL (Soil 1) or 80 mL 
(Soil 2) kg–1 soil of a Ca (H2PO4)2 solution of appropriate concentration (the volume of the fertilizer 
solution differed from one soil to the other to take into account the clay content and field capacity of 
each soil). The same P rates were applied again in April 2010 by injecting a Ca(H2PO4)2 solution at a 
depth of 15 cm. The pots were placed in a shade house for 3 years (2009–2011) and were watered 
daily near field capacity using a drip irrigation system. A modified Fe- and P-free Hoagland nutrient 
solution [(Ca(NO3)2·4H2O (5 mM), KNO3 (5 mM), MgSO4 (2 mM), ClK (0.1 µM), H3BO3 (50 µM), 
MnSO4·H2O (4 µM), ZnSO4·7H2O (8 µM), CuSO4·5H2O (0.1 µM), Na2MoO4 (6 µM)] was applied at a 
rate of 2 L per pot and year. In June 2010 an extra K solution (0.19 g per plant, as K2SO4) was 
sprayed to the leaves because mild K deficiency symptoms were observed. 
The SPAD value and the length of the two main shoots were measured two times per month from 
May to October in 2009 and 2010, and from May to August in 2011. SPAD was used as a proxy for 
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LCC because these two variables were found to be highly correlated (r = 0.92, p < 0.001) in a 
previous field study of Fe chlorosis in ‘Arbequina’ trees. Six young fully expanded leaves in each 
olive plant were used for the measurement of SPAD. Ten leaves collected from the midshoot of the 
olive plant were sampled in July 2010 and 2011, dried at 65 ºC, ground, digested and analyzed as in 
Experiment 1. Olive plants were pruned in February 2010 and 2011, and pruning wood weighed. 
See Figure 2A.3 inChapter VIII for transplantation, SPAD measurement, pruning, K-deficiency and 
Fe-chlorosis symptoms photos. 
 
3.2.3 Statistical analyses  
Statistical analyses were performed using STATISTIX 9.0 software (Analytical Software, 
Tallahassee, FL, USA). The analysis of variance (ANOVA) was based on a completely randomized 
design in Experiment 1 (two P rates per soil). The paired Student’s t-test for lupin and sorghum and 
the Mann-Whitney U-test for olive trees were performed to assess the effect of P. Pearson 
correlation was used to relate measured variables. Regression analyses were performed using 
SigmaPlot 10.0 software (Systat Software Inc., Chicago, Illinois, USA). The Akaike information 
criterion (Burnham and Anderson, 2002) was used to compare regression models. The difference 
between regression lines was tested by analysis of variance comparing the sum of separate 
regressions with the joint regression (Quenouille, 1966). Unless otherwise indicated the term 
“significant” refers to significance at the p < 0.05 level.  
 
3.3 Results and discussion 
3.3.1 Experiment 1 
3.3.1.1 Soil properties  
Table 3.1 summarizes the main properties of the 24 soils. They ranged widely in clay and CEC 
and were highly calcareous and rich in active lime, which is a quantitative measure of the most 
reactive fraction of soil carbonate (Drouineau, 1942). The mean and median values of Fed (which 
measures the Fe present in both crystalline and poorly crystalline the Fe oxides), Feox and Feca 
(which measure the Fe in the poorly crystalline Fe oxides; Reyes and Torrent; 1997), FeDTPA (an 
index of available Fe; Lindsay and Norwell, 1978) were typically below the levels at which Fe 
chlorosis is likely to occur (Lindsay and Norwell, 1978; del Campillo and Torrent, 1992; Benítez et 
al., 2002; de la Torre et al., 2010). Olsen P also ranged widely (2–75 mg kg–1) and was <10 mg kg–1 
in six soils, which is a typical critical value for many crops and situations. 
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3.3.1.2 Iron chlorosis in relation to soil properties and P level 
The first Fe chlorosis symptoms appeared in the youngest leaves 10 DAT in lupin and 17 DAT in 
sorghum (see Chapter VIII, Table 2A.1 for time course of SPAD per crop, soil and P treatment). 
Then, SPAD decreased steeply (in lupin) or remained relatively constant (in sorghum) (Table 3.2). At 
harvest, leaf chlorophyll concentration (LCC, µg cm–2) in plants grown on control (–P) soils was 
found to be related to some soil properties. Lupin LCC was significantly correlated with active lime (r 
= –0.45, p = 0.036) —a property that reflects the reactivity of soil carbonate—, in agreement with 
nutrient solution, pot and field experiments indicating the importance of the bicarbonate ion in Fe 
nutrition (Loeppert and Hallmark, 1985; Morris et al., 1990; del Campillo and Torrent, 1992; Romera 
et al., 1992; Alcántara et al., 2000). No significant correlations were found between lupin LCC and 
the contents in different extractable Fe forms, in contrast to the results of many studies supporting 
the idea that poorly crystalline Fe oxides are the main source of Fe to the plant (Loeppert and 
Hallmark, 1985; del Campillo and Torrent, 1992; Reyes and Torrent; 1997; Benítez et al., 2002). The 
lack of correlation in this study can be ascribed to the very low Feox content of the soils used (170–
530 mg kg–1 except for one soil with 710 mg kg–1), which falls below the critical level of 600 mg kg―1  
 
Table 3.1 Selected properties of the 24 calcareous soils used in Experiment 1 and Soil 1 and Soil 2 used in 
Experiment 2.  aOC, organic carbon; CCE, CaCO3 equivalent; CEC, cation exchange capacity; EC, 
electrical conductivity of the soil:solution 1:5 extract; Fed, citrate/bicarbonate/dithionite-extractable Fe; Feca, 
citrate/ascorbate-extractable Fe; Feox, oxalate extractable Fe; FeDTPA, diethylenetriaminepentacetic acid-
extractable Fe.  
The mean, maximum (Max), minimum (Min) and median (Med) values are presented for Experiment 1. 
Property Unit Experiment 1  Experiment 2 
  
  Soil 1 Soil 2 
  
Mean Max Min Med  Mean Mean 
OCa (g kg–1) 6.1 14.1 1.0 5.6  15.0 6.5 
Claya (g kg–1) 260 415 125 263  290 210 
CCEa (g kg–1) 570 925 300 565  830 610 
Active lime (g kg–1) 226 330 61 260  300 210 
pH  
 
8.4 8.6 8.1 8.4  7.9 8.2 
CECa (cmol(c) kg–1) 17.8 28.4 7.3 18.5  22.0 15.0 
Mg (cmol(c) kg–1) 1.6 4.4 0.6 1.5  1.4 0.9 
Na (cmol(c) kg–1) 0.8 1.2 0.5 0.8  0.5 0.5 
K (cmol(c) kg–1) 0.8 3.6 0.1 0.5  1.3 0.6 
ECa (dS m–1) 0.14 0.33 0.07 0.12  0.09 0.09 
Olsen P (mg kg–1) 26 75 2 23  41 27 
Feda (g kg–1) 2.4 4.4 0.7 2.2  1.1 4.5 
Fecaa (g kg–1) 0.97 1.49 0.37 0.98  0.52 0.30 
Feoxa (g kg–1) 0.35 0.71 0.17 0.30  0.24 0.18 
FeDTPAa (mg kg–1) 2.9 5.5 1.8 2.6  - - 
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for lupin found by de Santiago and Delgado (2006), and can thus result in severe Fe chlorosis. 
However, LCC was significantly correlated with the Feox/active lime ratio Pouget (1972). This ratio, 
which integrates the positive role of the non crystalline Fe oxides (as measured by Feox) and the (r = 
0.65, p < 0.001), which is similar to the index of “Fe chlorosing capacity” proposed by Juste and 
negative effect of the active lime, has been found to be correlated with LCC in some cases (del 
Campillo and Torrent, 1992; Reyes et al., 2006). In sorghum, LCC was positively correlated with total 
amount of Fe oxides (Fed) (r = 0.67, p = 0.048) and negatively with CCE (r = –0.42, p = 0.039). 
These correlations reflect the opposite role of Fe oxides and carbonate in the development of Fe 
chlorosis, but not the importance of the reactivity of these mineralogical phases as it was the case 
with lupin. The contrast between the two plants might be related to their different response to Fe 
deficiency: the roots of Strategy I plants (dicots, e.g. lupin) release protons and have Fe reducing 
capacity (Marschner and Römheld, 1994), whereas the roots of Strategy II plants (monocots, e.g. 
sorghum) release phytosiderophores that are very effective in chelating Fe oxides at high pH and 
make the plant less susceptible to lime-induced Fe chlorosis (Marschner, 1986). 
 
The SPAD of +P plants was significantly lower than that of –P plants 17 and 20 DAT in lupin (p = 
0.017 and 0.012, respectively), but only 31 DAT in sorghum (p = 0.007) (Table 3.2 and Chapter VIII, 
Figure 2A.4). That is, adding P to the soil aggravated Fe chlorosis, the effect being particularly 
strong in lupin. The adverse effect of P on Fe chlorosis was also suggested by the negative 
Table 3.2 Lupin and sorghum time course of mean SPAD values, dry weight (DW), height and number 
of leaves at harvest in Experiment 1. Values are presented as mean ± standard error for lupin and 
sorghum plants growing on 24 calcareous soils for the P-fertilized (“+P”) and unfertilized (“−P”) soils.  










SPAD at different DATa 
 
10 17 20  17 24 31 
–P 45.9 ± 1.1 14.6 ± 0.7 10.8 ± 0.9  31.0 ± 0.5 31.3 ± 0.6 31.4 ± 1.1 
+P 44.3 ± 1.1 12.8 ± 0.5 9.0 ± 0.6  30.8 ± 0.3 32.5 ± 0.6 29.4 ± 0.3 
Paired t-test 0.187 0.017 0.012  0.686 0.079 0.007 
 















–P 0.26 ± 0.01 11.7 ± 0.1 4.2 ± 0.1  0.12 ± 0.01 28.0 ± 1.2 7.0 ± 0.1 



















correlation between LCC at harvest of –P lupin plants and Olsen P (r = –0.50, p = 0.018). As can be 
seen in Figure 3.1A, LCC in lupin decreased with increasing Olsen P/Feox, a ratio that basically 
represents the available P/available Fe ratio and that can be taken as an index of the degree of 
coverage of the surface of the reactive Fe oxides by phosphate. Figure 3.1A shows the best two-
parameter fits for the relationship between LCC and (Olsen P/Feox)0.5 (the latter variable being used 
to have a better spread of data), which, according to the Akaike information criterion, were of the 
form y = a + bx―1 for both –P and +P plants (r = 0.89, p < 0.001; and r = 0.67, p < 0.001; 
respectively). Figure 3.1.A also shows that the curve for –P lies significantly above the one for +P 
plants, consistent with the paired t-test for SPAD (Table 3.2). The difference in ordinate between the 
two curves decreases with increasing (Olsen P/Feox)0.5, which suggests that adding P to the soil is 
not likely to aggravate Fe chlorosis when the degree of coverage of the reactive Fe oxides by 
phosphate is already high. 
In sorghum, LCC at harvest was unrelated to (Olsen P/Feox)0.5 and the general negative effect of 
P on LCC, which was indicated by the paired t-test for SPAD (Table 3.2), has a complex translation 
into the LCC–(Olsen P/Feox)0.5 plot (Fig. 3.1.B). The effect of P on LCC was mostly positive at low 
(<~0.2), mostly negative at intermediate (~0.2–0.3), and variable at high (>~0.3) values of (Olsen 
P/Feox)0.5. The noticeable increase in LCC as a response of P addition to Olsen P-poor soils warrants 
an explanation, which is discussed in the following section. 
See Chapter VIII, Table 2A.2 for last leaflet or leaf SPAD, last leaflet of leaf concentration in lupin 
and sorghum and last leaflet area in lupin at harvest, per soil and P treatment. 
 
3.3.1.3 Plant growth and mineral nutrient concentrations 
Table 3.2 shows dry weight (DW), height and number of leaves at harvest for lupin and sorghum 
(see Chapter VIII, Table 2A.3 for time course of height, and dry weight at harvest per crop, soil and P 
treatment). Differences in length and number of leaves were not observed during the growth period. 
At harvest, lupin plants grown on +P soils exhibited significantly lower DW (p = 0.045) than those 
grown on control soils. By contrast, sorghum plants grown on +P soils had significantly higher DW (p 
= 0.037) and length (p = 0.009) than those cultivated on control soils; this positive response to P can 
be attributed to the higher P needs of this specie (Rashid and Bughio, 1994). In both crops, DW was 
significant correlated with plant height (r = 0.82 and p < 0.001, for lupin; r = 0.93 and p < 0.001, for 
sorghum).  
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The nutrient concentrations (see Chapter VIII, Tables 2A.4.1, 2A.4.2 for nutrient concentrations 
per crop, soil and P treatment and 2A.5 for the mean nutrient concentrations of the 24 soils, per crop 
and P treatment) were above established critical levels (Benton Jones et al., 1991; Reuter et al., 
1997) for all mineral elements, crops and treatments. Their detailed values for P and Fe are shown 
in Table 3.3. The concentration of Fe in both lupin and sorghum was not significantly altered by the 
addition of P to the soil and was uncorrelated with DW, length, and P concentration in plant. 
Significant correlations between Fe concentration and SPAD at harvest (r = 0.51, p = 0.006) and Fe 
concentration and LCC in the youngest leaflet (r = 0.54, p = 0.011) were found for lupin but not for 
sorghum. Thus, no “Fe chlorosis paradox” (Häussling et al., 1985; Römheld, 2000), that is, the 
accumulation of Fe in chlorotic plants as a result of reduced plant growth, was observed in this 
experiment.  
Application of P to the soil resulted in a substantial increase in P concentration, particularly in 
sorghum (from 2.5 g to 4.6 g P kg−1; Table 3.3). Thus, sorghum profited from P more than lupin 
because the latter species has the ability to form cluster roots that enhance P uptake under low P 
conditions (Johnson et al., 1994; Vance et al., 2003). In fact, sorghum plants growing on some soils 
with Olsen P < 10 mg kg–1 showed purple spots on leaves, a common symptom of P deficiency that 
was corrected by adding extra P to the nutrient solution, as indicated in the Materials and Methods 
section. It can be speculated that the beneficial effect of adding P to the soil on P uptake and plant 
growth (Table 3.2) probably determined better conditions for Fe acquisition by sorghum roots. This 
would result in an increase in LCC, in particular for the soils poor in P [mostly corresponding to the 
data points in the region of (Olsen P/Feox)0.5 of less than ~0.2 in Fig. 3.1.B]. This beneficial effect 
seemed therefore to offset the adverse effect due to an increase in coverage of the Fe oxide 
surfaces by phosphate.  
 
3.3.2 Experiment 2 
3.3.2.1 Soils 
As can be seen from Table 3.1, the two soils used to grow olive in the shade house (Soil 1 and 
Soil 2) were loamy, highly calcareous, rich in active lime, and with Feox and Feca values that were 
below the critical levels for which Fe chlorosis in sensitive olives trees is likely to occur (Benítez et 





3.3.2.2 Fe chlorosis in relation to P fertilization
Plants started showing Fe chlorosis symptoms at the beginning of May 2009 (one month after 
transplanting) and at the end of May 2010 and 2011. The stronger symptoms of Fe chlorosis where 
observed from June to August every year, June being the month in whic
values between treatments were more pronounced
time course of SPAD value). Figure 3.2 shows the mean SPAD values in 2009, 2010 and 2011 for 
the plants growing on the two soils as a function of P rate. For plants on Soil 1, and with increasing P 
rate. 
Figure 3.1 Leaf chlorophyll concentration at harvest of control plants (
(+P, solid circle) for lupin (A) and sorghum (B) grown on 24 soils (Experiment 1) as a function of the (Olsen 
P/Feox)0.5 ratio. The best-fit 2-parameter lines for the two sets of data in Fig. 1A are hyperbolic curves.  In Fig. 
1B, the two vertical lines are used to separate soils with different responses to P application.
 
h differences in SPAD 
 (see Chapter VIII, Table 2A.6 and Figure 2A.5 for 
 
–P, empty circle) vs P-fertilized plants 
 



























SPAD (i) decreased significantly and linearly in 2009 (r = 0.94, p = 0.018), (ii) showed no clear 
trend in 2010, and (ii) decreased, but not significantly in 2011 (r = 0.74, p = 0.151). For plants on Soil 
2 no clear trends were observed any year. The different behaviour of the two soils cannot be  
explained by substantial differences in (Olsen P/Feox)0.5 (0.41 in Soil 1 and 0.39 in Soil 2), an index 
which, as in Experiment 1, can be used as a proxy for the degree of coverage of the reactive Fe 
oxides by phosphate. However, it can be speculated that the lack of response to P application shown 
by plants on Soil 2 was due to the relatively high total Fe oxides content of this soil (4.5 g Fed kg–1 in 
Table 3.3 Mineral element concentration in the aerial part of lupin and sorghum 
(Experiment 1) and in leaves of the midshoot of olive trees (Experiment 2). Values 
are presented as mean ± standard error for lupin and sorghum plants growing on 
24 calcareous soils, for the P-fertilized (“+P”) and unfertilized (“−P”) soils, and for 
olive trees growing on unfertilized (−P) and P-fertilized (“+P”; mean of P rates of 
25, 50, 100 and 200 mg kg−1 soil) Soil 1 and Soil 2 in 2010 and 2011. P-value = P 
value of ANOVA. P-UMW = P value of the Mann–Whitney U-test. 
Experiment 1 Treatment 
 
P 
   
Fe 
  






       




3.83 ± 0.09 
 




   
0.699 
  
            
Sorghum 




2.50 ± 0.11 
 




4.67 ± 0.17 
 




   
0.816 
  
                             Experiment 2 
         
Soil 1 
         
  
2010 




2.87 ± 0.17 
 




2.78 ± 0.06 
 




   
0.096 
  
          
  
2011 




2.41 ± 0.15 
 




2.56 ± 0.09 
 
39.6 ± 1.8 
          P-UMW 
  
0.569 
   
0.385 
  
          Soil 2 
         
  
2010 




2.16 ± 0.15 
 




3.95 ± 0.16 
 
43.7 ± 1.6 
   
< 0.001 




         
  
2011 




2.58 ± 0.15 
 




2.93 ± 0.08 
 









Soil 2 vs only 1.1 g Fed kg–1 in Soil 1). The crystalline Fe oxides (basically goethite and hematite, 
which are estimated from the difference between Fed and Feox) in this sample contributed thus to the 
surface area of Fe oxides, the result being that more surface Fe was accessible to plant roots and 
that the degree of coverage of the Fe oxides with phosphate was lower than in Soil 1. 
 
3.3.2.3 Plant growth and mineral nutrient concentrations  
The mean length of the two main shoots (in 2009, 2010 and 2011) and the pruning wood weight 
(in 2009 and 2010) are shown in Table 3.4 (see Chapter VIII, Figure 2A.7 for extra information). The 
increase in shoot length occurred mainly during the May-June period, although some growth was 
also observed from June to September in plants on Soil 1 in 2009 and 2010, and plants on Soil 2 in 
2009 (data not shown). Shoots were longer for plants on Soil 1 than for those on Soil 2 except for 
2010, when temporary K deficiency occurred. Neither shoot length nor pruning wood weight were 
significantly affected by P rate in any soil. Control plants had lower shoot length than the mean of 
plants growing on P-fertilized soil in 2009 and 2010 (both soils) and in 2011 (Soil 1). The pruning 
wood weight of control plants was lower than that of plants fertilized with P, except for Soil 1 in 2009. 
For plants on Soil 2 pruning wood weight increased significantly with P rate in 2009 (r = 0.89, p = 
0.040). Thus, applying P to the soil resulted in some increase in plant growth despite Olsen P values 
being above sufficiency level (~20 mg kg–1; Junta de Andalucía, 2004). 
Table 3.3 shows the concentration of P and Fe in leaves collected in 2010 and 2011 for control (-P) 
and P-fertilized (+P) plants. The concentrations of other nutrients were above the critical levels 
according to Fernández-Escobar (2008) except for K in plants grown on +P soils in 2010 (see 
Chapter VIII, Table 2A.5). Because plants had shown anomalous growth and yellowing leaves in 
spring 2010, specially in +P plants, and leaf K concentration in July was near or below critical level, a 
K2SO4 solution was added to the soil as described in Materials and Methods. By August plants had 
recovered and grew normally. Application of P to the soil increased significantly leaf P concentration 
only in Soil 2 in 2010, which can be attributed to the Olsen P of this soil being lower than that of Soil 
1. Leaf Fe concentration was not significantly affected by the application of P to the soil and was 
similar in magnitude in the plants growing on the two soils. The lack of a positive correlation between 
LCC (or its proxy SPAD) and Fe concentration, as evidenced by Fig. 3.2 and Table 3.3, agrees with 
the results of many studies in which the correlation was negative (the chlorosis paradox discussed 
before) or no correlation was found (Díaz et al., 2009). 
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Figure 3.2 SPAD value (mean ± standar error) for olive plants (Experiment 2) growing on Soil 1 (left column) 
and Soil 2 (right column) in 2009, 2010 and 2011.  The mean value is the average of 10 SPAD values per plant 
measured every two weeks from May to September 2009 and 2010 and 8 SPAD values from May to August 
2011. 
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Most of the 24 soils used in Experiment 1 had a high Fe chlorosis-inducing capacity. In lupin, (i) 
leaf chlorophyll concentration (LCC) at harvest of control plants decreased with the Olsen P/Feox 
ratio of the soil, which is considered as a proxy for the degree of coverage of the poorly crystalline, 
most reactive Fe oxides by phosphate, and (ii) the addition of P to the soil resulted in significant 
reduction of LCC in lupin, the effect being more marked at low Olsen P/Feox values. In sorghum, (i) 
LCC at harvest of sorghum control plants was unrelated to the Olsen P/Feox, and (ii) the addition of P 
to the soil generally had positive effect on LCC at low Olsen P/Feox but negative or no effect at 
intermediate or high Olsen P/Feox values. This contrasting behaviour was ascribed to the fact that 
sorghum is less P-efficient than lupin and its performance in terms of Fe uptake was improved when 
soil P level was increased to favour plant growth. 
In Experiment 2, the severity of Fe chlorosis in ‘Arbequina’ olive increased with increasing P 
loading of the soil only for Soil 1 in the 2009 and 2011 growing seasons, despite Olsen P/Feox being 
similar in Soil 1 and Soil 2. This was tentatively ascribed to the higher content in crystalline Fe oxides 
of Soil 1. 
This work illustrates the difficulty of predicting whether and how the performance of plants 
growing on Fe chlorosis-inducing soils will be affected by the soil P level or the addition of fertilizer P. 
Table 3.4 Length shoot (in 2009, 2010 and 2011) and annual pruning wood weight (in 2009 and 2010) 
of olive plants (Experiment 2). Values are presented as mean ± standard error. Main shoot length is 
the mean of the two main shoots in olive plants growing on Soil 1 and Soil 2 fertilized with different P 
rates. Abbreviations and symbols: L, linear regression; *, significant at the 0.05 probability level; NS, 
not significant. 
Soil P rate (g kg–1)  Main shoot lenght (cm)  Pruning wood (g) 
 
 




   
 
   0  50.2 ± 3.0 35.5 ± 3.0 41.1 ± 1.5  14 ± 2 25 ± 3 
 25  56.7 ± 2.6 41.5 ± 1.5 40.9 ± 3.5  13 ± 1 31 ± 1 
 50  52.2 ± 2.6 36.1 ± 3.2 44.0 ± 4.3  13 ± 1 24 ± 2 
 100  53.0 ± 2.0 37.8 ± 2.7 41.4 ± 2.4  13 ± 1 28 ± 2 
 200  54.5 ± 5.8 35.7 ± 1.4 41.6 ± 1.0  14 ± 1 28 ± 1 
 
 




   
 
  
 0  33.8 ± 2.2 50.5 ± 2.4 40.4 ± 1.8  8 ± 1 21 ± 1 
 25  46.5 ± 1.3 52.9 ± 1.2 34.8 ± 0.4  9 ± 1 22 ± 1 
 50  41.5 ± 2.4 54.0 ± 1.6 32.4 ± 1.9  9 ± 0 23 ± 1 
 100  44.8 ± 1.4 54.4 ± 0.5 39.4 ± 2.1  9 ± 0 25 ± 2 
 200  38.3 ± 3.0 54.4 ± 2.5 38.6 ± 3.1  10 ± 1 22 ± 1 
 
 
 NS NS NS  L* NS 
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Indeed, part of this difficulty arises from the limited information provided by the available chemical 
extraction methods aimed at characterizing the content and solubility of the soil Fe oxides and the 
status of soil P. Irrespective of this difficulty, this work showed that the application of P to the soil is 
likely to aggravate Fe chlorosis unless the initial P level is low enough to hinder plant performance or 
high enough to have previously reduced the solubility of Fe oxides.  
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Abstract  
Olive tree is an important crop in Mediterranean-climate regions. In Spain, about 70% of the olive is 
grown on calcareous soils, most of which have potential to induce iron (Fe) deficiency chlorosis. 
During the last decades, intensification of olive cultivation across the Mediterranean area has often 
been accompanied by the application of high rates of phosphorus (P) to the soil. There is no 
information, however, on whether soil P level affects the severity of Fe chlorosis in field-grown olive. 
In this work, we assessed the effect of fertilization with P on Fe chlorosis in Arbequina, Ocal, 
Manzanilla and Picudo olive cultivars during four (three for cv. Picudo) growing seasons in four 
orchards located in southern Spain with soils that were highly calcareous and poor in poorly 
crystalline Fe oxides —the main source of Fe to the plant. Application of P to the soils decreased 
leaf chlorophyll concentration (as estimated via SPAD) and leaf weight, both significant for cvs. 
Manzanilla and Picudo. These differences between cultivars were probably due to the fact that the 
Fe oxides content was lower in the Manzanilla and Picudo than in the Arbequina and Ocal orchard 
soils. So, the extent of the Fe oxides surfaces that were free of phosphate, and thus more capable of 
releasing Fe, was smaller in the former than in the latter soils. The response of trees to P-induced Fe 
stress lagged behind P application probably because of built-up tree nutrient reserves. This can also 
explain why canopy volume, trunk diameter and yield were not affected by P fertilization. The results 
of this study point to the need to curb on P application to Fe chlorosis-inducing soils, particularly in 
intensive oliviculture. 
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CHAPTER IV. IRON CHLOROSIS IN FIELD GROWN OLIVE AS AFFECTED BY PHOSPHORUS 
FERTILIZATION 
4.1 Introduction 
The olive tree (Olea europaea L.) has been traditionally cultivated in regions with Mediterranean 
climate (Civantos, 2001), where it grows on soils ranging widely in physical and chemical properties 
(Hartmann et al., 1966). In Spain, about 70% of the olive is grown on calcareous soils, most of which 
have potential to induce iron (Fe) deficiency chlorosis (Fernández-Escobar et al., 1993). The main 
symptoms of this deficiency in olive are interveinal yellowing of the young leaves and yellowing of 
the olive, which are often accompanied by yield reduction and poor quality of the virgin oil. 
The occurrence and severity of Fe chlorosis is known to depend on the content of the soil Fe 
oxides, particularly the poorly crystalline ones, which are the main source of Fe to the plant 
(Loeppert and Hallmark, 1985; del Campillo and Torrent, 1992; Benítez et al., 2002; Sánchez-Alcalá 
et al., 2013), and the reactivity of carbonate, which controls the concentration of the Fe chlorosis-
inducing bicarbonate ion (HCO3−) in the soil solution (Mengel et al., 1984; Romera et al., 1992) and 
buffers pH at values of 7.5–8.5, where Fe oxides exhibit little solubility (Loeppert, 1986; Cornell and 
Schwertmann, 2003). Among other soil chemical factors that can in principle affect Fe nutrition, the 
level of available phosphorus (P) deserves interest. In particular, intensification of olive cultivation 
across the Mediterranean, which has been heavily subsidised by the European Union Common 
Agricultural Policy, has often resulted in the application of high rates of P fertilizer to the soil. 
According to Fernández-Escobar (2008), up to 75 kg P ha–1 are applied to orchards in southern 
Spain, the result being that Olsen P (a measure of available P; Olsen et al., 1954) often exceeds 30 
mg kg–1, which is well above sufficiency levels (Junta de Andalucía, 2004) and increases the risk of 
eutrophication derived from P losses via erosion and runoff (Torrent et al., 2007). There is limited 
information on whether, and to which extent P affects the severity of Fe chlorosis in sensitive plants. 
Different nutrient culture, pot and field experiments showed that high P levels in the growth medium 
resulted in no effect (Kovanci et al., 1978; Müllner, 1979; Mengel et al., 1979; Kolesch et al., 1987a; 
Kolesh et al., 1987b; Mengel et al., 1984; Romera et al., 1991; Samar et al., 2007; Balal et al., 2011) 
or aggravated (Marschner and Schropp, 1977; Handreck, 1991; Choi and Lee, 2012) Fe chlorosis. 
Sánchez-Rodríguez et al. (2013) recently showed that high P rates aggravate Fe chlorosis in lupin 
and sorghum grown on artificial substrates consisting of mixtures of Fe oxide-coated, calcium 
carbonate and quartz sand, particularly when the concentration of poorly crystalline Fe oxides in the 
substrate was low. In a series of pot experiments with 24 calcareous, Fe chlorosis-inducing soils, the 
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severity of Fe chlorosis in lupin increased with increasing available P/available Fe ratio in the native 
soil, and application of P to the soil aggravated Fe chlorosis in lupin and sorghum (Sánchez-
Rodríguez et al., 2013). Iron chlorosis in four months old olive plants pot-grown during three years 
on two soils differing in Fe oxides and carbonate contents became more severe when the soil was 
supplied with P only in the Fe oxides-poor soil (Sánchez-Rodríguez et al., unpublished results). All 
these results are consistent with the observation that the phosphate ion, by being strongly adsorbed 
on the surface of Fe oxides (Torrent, 1987; Schwertmann and Taylor, 1989; Bigham et al., 2002), 
hinders the dissolution of Fe (Borggaard, 1991; Celi et al., 2003; Cornell and Schwertmann, 2003). 
Phosphate also competes for the adsorption sites on the surface of the Fe oxides with organic acids 
(such as citric, malic, oxalic and some phytosiderophores) that play an important role in detaching Fe 
from these surfaces.  
We report here the results of field experiments in which the effect of fertilization with P on the 
severity of Fe chlorosis in field-grown olive was assessed. To this end, the plants in four orchards 
differing in soil and olive cultivar and age were studied for several growing seasons.  
 
4.2. Materials and methods 
4.2.1 Orchards, plant materials and soils  
The four olive orchards were located in southern Spain (Andalusia). In each one, an area where 
the severity of Fe chlorosis (which is related to the interveinal yellowing of the young leaves) was 
similar in all trees was selected. According to the local olive growers, Fe chlorosis had also been 
observed in previous years in the four orchards (Chapter VIII, Figures 3A.1 and 3A.2). The province, 
nearest town/village, plant age and cultivar were, respectively, (1) Province of Córdoba, Aldea 
Quintana, four years old ‘Arbequina’; (2) Province of Córdoba, Aldea Quintana, fifteen years old 
‘Ocal’, (3) Province of Córdoba, Baena, eight years old ‘Picudo’; and (4) Province of Seville, Gilena, 
three years old ‘Manzanilla’ (Table 4.1). Location, annual rainfall and mean temperature in the 2008–
2012 period, and other characteristics of the orchards are also given in Table 4.1. 
Composite soil samples (combination of four subsamples) were collected from the topsoil (0–25 
cm) in the ‘Arbequina’ and ‘Manzanilla’ fields and at a depth of 15–40 cm in the ‘Ocal’ and ‘Picudo’ 
fields. The samples were air-dried and ground to <2 mm and analyzed for particle size distribution 
(Gee and Bauder, 1986), organic carbon (OC, dichromate oxidation; Walkley and Black, 1934), 
CaCO3 equivalent (CCE, by weight loss upon treatment with 6 M HCl; van Wesemael, 1955), active  
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CaCO3 equivalent or “active lime” (ACCE, reaction with neutral NH4 oxalate; Drouineau, 1942), pH 
(1:2.5 soil:water suspension), electrical conductivity (EC, 1:5 soil:water suspension), available P 
(Olsen P, extraction with 0.5 M NaHCO3 buffered at 8.5; Olsen et al., 1954). Acid oxalate-extractable 
Fe (Feox; Schwertmann, 1964), citrate/ascorbate-extractable Fe (Feca; Reyes and Torrent, 1997) and 
citrate/bicarbonate/dithionite-extractable Fe (Fed; Mehra and Jackson, 1960) were determined in 
order to measure the Fe present in the poorly crystalline Fe oxides (Feox and Feca) or in both poorly 




Table 4.1 Location, climatic data, plant material and management in the four experimental orchards 
Province Córdoba Córdoba Seville Córdoba 
Nearest town Aldea Quintana Aldea Quintana Gilena Baena 
Coordinates     
Latitude 37°43’ N 37°43’ N 37°14’ N 37°38’ N 
Longitude 4°48’ W 4° 48’ W 4°54’ W 4°15’ W 
Altitude (m) 280 292 479 477 
Precipitation (mm) †     
2008-2009 474 474 462 419 
2009-2010 1053 1053 738 744 
2010-2011 891 891 615 765 
2011-2012 383 383 240 339 
Mean last 10 years 643 643 456 480 
Mean temperature (°C) †     
2008-2009 17.1 17.1 17.2 17.1 
2009-2010 17.8 17.8 18.0 17.8 
2010-2011 17.8 17.8 17.6 17.6 
2011-2012 17.4 17.4 17.5 18.2 
Cultivar ‘Arbequina’ ‘Ocal’ ‘Manzanilla’ ‘Picudo’ 
Age (years) 4 15 3 8 
Plantation system (m × m) 7 × 5 8 × 8 8 × 6 8 × 8 
Slope (%) 11 14 8 5 
Irrigation Trickle Trickle Rainfed Rainfed 
Tillage No-till No-till Yes Yes 
†Data from 1 October to 30 September. The weather station coordinates are those of Córdoba (37° 51’ N, 4° 
48 W, altitude 117 m) for the Aldea Quintana orchards, those of Osuna (37° 15’ N, 5° 08 W, altitude 214 m) for 
the Gilena orchard, and those of Baena (37° 41’ N, 4° 18 W, altitude 334 m) for the Baena orchard. 
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4.2.2 Experimental design and treatments 
A randomized block design with eight (‘Arbequina’ and ‘Manzanilla’) or six (‘Ocal’ and ‘Picudo’) 
blocks and one tree per plot was adopted. For the ‘Arbequina’, ‘Ocal’ and ‘Manzanilla’ fields there 
were two treatments (“control” and “+P”, i.e., unfertilized and P-fertilized soil, respectively). For the 
+P treatment the rate of fertilizer [H2(NH4)PO4], differed in each orchard depending on tree age and 
plantation system, so 8.9 kg P ha―1 (31 g P tree–1) were applied in the ‘Arbequina’, 6.5 kg P ha―1 (31 
g P tree–1) in the ‘Manzanilla’ and 14.0 kg P ha―1  (90 g P tree―1) in the ‘Ocal’ orchard in spring 
2009. These treatments were repeated using the same dose in spring 2010. In the ‘Picudo’ orchard 
P was applied in spring 2010 at four rates , 0, 7.8, 15.6 and 23.4 kg P ha―1 (0, 50, 100 and 150 g P 
tree―1, corresponding to the “control”, “low”, “medium” and “high” P treatments, respectively). Note 
that for the control treatment N [as (NH4)2SO4] was applied to the soil on the basis of the content of N 
in the P fertilizer. Therefore, 4.0 kg N ha―1 (14 g N tree―1) were applied in the ‘Arbequina’, 2.9 kg N 
ha―1 (14 g N tree–1) in the ‘Manzanilla’, 6.4 kg N ha―1 (41 g N tree―1) in the ‘Ocal’ and 10.6 kg N 
ha―1 (68 g N tree―1) in the ‘Picudo’ orchard (the N dose in the ‘Picudo’ orchard correspond to the 
highest P rate). In the field, the fertilizers were completely dissolved in a tank containing 100 L of 
water and injected into the soil by using a T-shaped injector connected to the tank. Portions of 0.5 to 
2 L of the solution were injected at a depth of 15–25 cm (the zone of maximum root density) in 10–
20 points regularly distributed below the tree canopy at a distance of 20–50 cm from the trunk. The 
total injected volume, which depended on tree size and age, was 20 L tree―1 in the ‘Arbequina’ and 
‘Manzanilla’, 50 L tree―1 in the ‘Ocal’, and 33 L tree―1 in the ‘Picudo’ orchard. For a better 
distribution of the fertilizer in the soil, the solution was injected when the soil moisture content was 
between its field capacity and wilting point. 
 
4.2.3 Measurements on the olive trees 
Three times per year (spring, summer and autumn) 20 ‘Arbequina’, ‘Manzanilla’ and ‘Picudo’, and 
30 ‘Ocal’ shoots per tree at 1.60 m from the soil surface were randomly selected. From each shoot, 
the youngest fully expanded leaf was collected, kept at 4º C, its SPAD value measured within 24 h 
after collection with a Minolta 502 apparatus (Minolta Co., Ltd., Osaka, Japan), and finally weighed 
(leaf fresh weight). To validate the SPAD readings, 30 young and completely expanded leaves 
exhibiting a variable degree of Fe chlorosis were collected from each orchard in October 2012 and 
chlorophyll was extracted from the central portion of the leaf (~1 cm2) with methanol (Holden, 1976). 
Because SPAD and leaf chlorophyll concentration (LCC) per unit weight were highly correlated (r = 
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0.94 and p < 0.001 for ‘Arbequina’; r = 0.89 and p < 0.001 for ‘Ocal’; r = 0.91 and p < 0.001 for 
‘Manzanilla’; and r = 0.92 and p < 0.001 for ‘Picudo’), the SPAD value was adopted as a reliable 
proxy for LCC. In all orchards, SPAD was measured before injecting the fertilizers. 
One leaf from the central part of 20 (‘Arbequina’, ‘Manzanilla’ and ‘Picudo’) or 30 (‘Ocal’) 
randomly collected shoots was taken each July for the determination of the mineral element 
concentrations in leaf. Leaves were washed with distilled water and Tween 20, dried in an oven at 
65º C for at least 72 h, and ground in an IKA A10 laboratory mill. Mineral element concentrations 
were determined after digestion with nitric and perchloric acids (Zazoski and Burau, 1977). Calcium 
(Ca), magnesium (Mg), iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn) were determined by 
atomic absorption spectrophotometry, potassium (K) by flame emission, and phosphorus (P) by the 
molybdenum blue method of Murphy and Riley (1962). Nitrogen (N) concentration was determined 
by direct combustion of the plant material, using an Euro Vector EA-3000 Elemental Analyzer (Euro 
Vector SpA, Milan, Italy). 
The canopy volume, estimated as the volume of a sphere with a mean diameter resulting of 
measuring the height and two perpendicular diameters,  and trunk perimeter 50 cm above the 
ground was measured every year in October since the beginning of the experiments. The olive yield 
was measured one year in the ‘Ocal’ field and two years in the ‘Picudo’ field. 
 
4.2.4 Statistical analysis 
The analysis of variance, ANOVA, was performed with STATISTIX 9.0 software (Analytical 
Software, Tallahassee, FL, USA) and based on a randomized block design in three experimental 
fields (‘Arbequina’, ‘Ocal’ and ‘Manzanilla’). Furthermore, orthogonal contrasts for SPAD and leaf 
weight were done with STATISTIX 9.0 software in ‘Picudo’. Regression analyses were performed 
using SigmaPlot 10.0 software (Systat Software, Erkrath) for the ‘Picudo’ orchard. Pearson 
correlation was used to relate measured variables. Unless otherwise indicated the term “significant” 
refers to significance level lower than 0.05. Significance levels of 0.05, 0.01 and 0.001 for the 
correlation coefficients are marked with one, two and three asterisks, respectively. 
 
4.3 Results  
4.3.1 Soil properties 
Table 4.2 shows selected properties of the soils. They were strongly calcareous and rich in 
ACCE (177 to 324 g kg–1), with clay content ranging from 230 to 320 g kg–1, OC content from 0.7 to 
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1.2 g kg–1, and Olsen P from 13 mg kg–1 (in ‘Picudo’) to 29 mg kg–1 (in ‘Ocal’). In the ‘Arbequina’ and 
‘Ocal’ soils Feox was above the critical level of ~0.35 g kg–1 proposed by Benítez et al. (2002) for 
olive (that is, that level below which the probability of occurrence of Fe chlorosis is high). By contrast, 
Feox was much lower than that value in the ‘Manzanilla’ and ‘Picudo’ soils. A similar contrast 
between the two pairs of soils was found for both Feca and Fed because the three forms of Fe (Feox, 
Feca and Fed) were significantly correlated.  
 
4.3.2 SPAD values 
Figure 4.1 shows the time course of SPAD in ‘Arbequina’, ‘Ocal’, ‘Manzanilla’ (2009, 2010, 2011 
and 2012 growing seasons) and ‘Picudo’ (2010, 2011 and 2012 growing seasons) (see also Chapter 
VIII, Table 3A.1 for more information). All trees showed clear symptoms of Fe chlorosis at the 
beginning of the experiment. During the growing season, SPAD readings increased in ‘Arbequina’ 
and ‘Ocal’ because leaves became significantly thicker (SPAD is a transmission measurement). 
However, SPAD generally decreased in ‘Manzanilla’ (except in 2012) and ‘Picudo’ because these 
cultivars possess thinner leaves. 
Before P was applied to the soil, no significant differences in SPAD between the trees selected 
for the control and +P treatment in the ‘Arbequina’ (March 2009), ‘Ocal’ (April 2009) and ‘Picudo’ 
(April 2010) orchards, and significantly higher SPAD in trees selected for the +P than in those 
selected for the control treatment in the ‘Manzanilla’ (March 2009) orchard were found. Following P 
application, the SPAD of the P-supplied trees was lower than that of the control ones in most of the 
45 measurements made in all fields at all times and, when the opposite was true, the corresponding 
differences were not significant. The negative effect of P on ‘Arbequina’ SPAD was more evident in  
Table 4.2 Soil properties in the experimental orchards. OC: organic carbon; CCE: calcium carbonate equivalent; ACCE: active calcium 
carbonate equivalent (active lime); EC: electrical conductivity; Feox: oxalate-extractable Fe; Feca: citrate/ascorbate-extractable Fe; Fed: 
citrate/bicarbonate/dithionite-extractable Fe. 












A.Quintana Arbequina 0-25 300 1.2 470 177 8.1 0.16 29 0.42 0.54 4.87  0.07 
A.Quintana Ocal 15-40 320 1.0 480 218 8.5 0.12 19 0.39 0.49 4.53  0.05 
Gilena Manzanilla 0-25 250 1.2 640 278 7.8 0.16 21 0.21 0.37 2.89  0.10 
Baena Picudo 15-40 230 0.7 755 324 8.4 0.14 13 0.20 0.35 2.22  0.07 
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July 2010 (p = 0.047), July 2011 (p = 0.080) and May 2012 (
was significant only in May 2011 (p = 0.037). In ‘Manza
below that of control trees at all times after May 2009, highly significant differences being found in 
July 2012 (p = 0.001) and October 2012 (p = 0.009). In ‘Picudo’ the SPAD values of the control and 
low-P trees were not significantly different, and the same was found for the medium
trees. When orthogonal contrasts were applied, the SPAD value of the medium
was significantly lower than that of the control plus low
= 0.005), May 2012 (p = 0.003), July 2012 (p < 
SPAD and P rate were linearly correlated (p = 0.048).
Figure 4.1 Time course of SPAD (mean ± standard error) in olive orchads of ‘Arbequina’, ‘Ocal’, ‘Manzanilla’ in 
2009-2012, and of ‘Picudo’ in 2010-2012. Control (-P) is represented with white circle and P
black circle. ‘Picudo’ orchard had four treatments: control (
medium P (+ P Medium) (black circle, this P dose is equivalent to +P treatment in the other orchards) and high 




p = 0.045). For ‘Ocal’ this negative effect 
nilla’ the SPAD of the P-supplied trees lay 
-P and high-P 
- plus high-P trees 
-P trees in May 2011 (p = 0.013), July 2011 (p 
0.001), and October 2012 (p < 0.001); in May 2011, 
 
-fertilized (+P) with 
-P) (white circles), low P (+P low) (white triangle), 
ertilizer was injected. 
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Because Fe chlorosis symptoms were generally more evident in May
value in this period for the four (three in ‘Picudo’) years of the experiment was used to visualize the 
effect of P. Figure 4.2 shows these means (note that they correspond in ‘Picudo’ to the control and to 
the medium P rate, which is similar to the rate used in the other orchards). It can be seen that the 
application of P resulted in a decrease in the SPAD value, which was significant in ‘Manzanill
0.001) and ‘Picudo’ (p = 0.002). 
Figure 4.2 Mean SPAD value  for  ‘Arbequina’, ‘Ocal’ and ‘Manzanilla’ of  May
and 2012, and for ‘Ocal’ of May-July of the 2010, 2011 and 2012. In ‘Picudo’ +P represents the medium P 
dose in order to compare it with the other orchards. Di
‘Picudo’. 
 
4.3.3 Leaf fresh weight 
Figure 4.3 shows the time course of the mean leaf weight for the different orchards and 
treatments (see Chapter VIII, Table 3A.2 for more information)
supplied weighed less than those of the control trees, differences being more marked in 12 cases: 
‘Arbequina’ in May 2011 (p = 0.052) and July 2011 (
July 2012 (p = 0.084), ‘Manzanilla’ in May 2011 (
in July 2010 (p = 0.001), May 2011 (p = 0.011), July 2011 (
2012 (p < 0.001) and October 2012 (p < 0.001). Note that an orthogonal contrast was applied in the 
case of ‘Picudo’ because there were no significant differences in leaf weight between control and 
–July, the mean SPAD 
a’ (p = 
 
-July of the 2009, 2010, 2011 
fferences are significant (p < 0.001) in ‘Manzanilla’ and 
. Generally, the leaves of the P-
p = 0.046), ‘Ocal’ in July 2011 (p = 0.056) and 
p = 0.084) and July 2012 (p = 0.005), and ‘Picudo’ 
p < 0.001), May 2012 (p < 0.001), July 
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low-P trees on one side and medium- and high
correlated with SPAD at many times in all orchards: ‘Arbequina’ (
and r = 0.86, p < 0.001 in July 2012), ‘Ocal’ (r = 0.77, 
in July 2012), ‘Manzanilla’ (r = 0.78, p < 0.001 in July 2
‘Picudo’ (r = 0.68, p < 0.001 in May 2011, r = 0.70, 
0.001 in July 2012). 
Figure 4.3 Time course of leaf weight (mean ± standard error) in olive orchads of ‘Arbequina’, ‘Ocal’, and 
‘Manzanilla’ in 2010-2012. Control (―P) is represented with white circle and P
‘Picudo’ orchard had four treatments: control (―P) (white circles), low P (+P low) (white triangle), medium P (+ 
P Medium) (black circle, this P dose is equivalent to +P treatment in the other orchards) and high P (+ P High) 
(black square).  
 
 
4.3.4 Canopy volume, trunk diameter and yield
Canopy volume and trunk diameter were essentially proportional to tree age. Both parameters 
were significantly correlated each year in ‘Arbequina’, ‘Manzanilla’ and ‘Picudo’, but only in the first 
year in ‘Ocal’ because these trees were severely pruned in winter 2009. T
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-P tress on the other. Leaf weight was significantly 
r = 0.73, p = 0.003 in July 2011, 
p = 0.003 in May 2011, and r = 0.83, p = 0.002 
011 and r = 0.82, p = 0.002 in July 2012), and 
p < 0.001 in October 2011, and r = 0.90, p < 
-fertilized (+P) with black circle. 
 
he correlation coefficients 
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between canopy volume and trunk perimeter in 2013 were r = 0.99 (p < 0.001) for ‘Arbequina’, r = 
0.92 (p < 0.001) for ‘Manzanilla’, and r = 0.71 (p < 0.001) for ‘Picudo’. Fertilization with P had no 
significant effect on canopy volume, trunk diameter or the corresponding annual increment of each of 
these two variables (Table 4.3). In addition, fertilization with P did not significantly affect yield in 
those cases in which this variable was measured (Table 4.4). 
 
Table 4.3 Effect of P fertilization on canopy volume and trunk diameter. Data are mean ± standard error values of eight  
(‘Arbequina’ and ‘Manzanilla’) and six (‘Ocal’ and ‘Picudo’) trees. 
Treatment Canopy volume (m3) Increase (m3) 
 
Trunk diameter (cm) Increase (cm) 
 
2009 2010 2011 2012 2009-2012 
 
2009 2010 2011 2012 2009-2012 
 
‘Arbequina’ 
Control 3.0 ± 0.4 3.8 ± 0.8 5.6 ± 0.8 6.7 ± 0.6 3.4 ± 0.5 
 
4.5 ± 0.2 6.1 ± 0.2 6.4 ± 0.3 6.7 ± 0.6 2.2 ± 0.5 
+P 3.5 ± 0.3 4.1 ± 0.3 6.5 ± 0.5 7.2 ± 0.8 3.4 ± 0.8 
 
4.8 ± 0.2 6.9 ± 0.3 7.1 ± 0.3 7.2 ± 0.8 2.4 ± 0.6 
P 0.228 0.742 0.281 0.613 0.981 
 
0.319 0.096 0.113 0.599 0.658 
 
‘Ocal’ 
Control 47.4 ± 4.0 40.6 ± 4.8 49.8 ± 4.8 42.1 ± 2.0 -5.3 ± 4.0 
 
20.3 ± 0.6 23.0 ± 0.5 23.8 ± 0.6 25.0 ± 1.3 4.7 ± 0.8 
+P 46.7 ± 2.4 37.9 ± 1.7 46.3 ± 4.4 41.3 ± 3.8 -5.5 ± 2.6 
 
19.5 ± 0.5 22.3 ± 0.8 22.5 ± 0.4 23.5 ± 0.7 3.9 ± 0.6 
P 0.903 0.576 0.579 0.866 0.971 
 
0.499 0.595 0.229 0.319 0.232 
 
‘Manzanilla’ 
Control 1.4 ± 0.2 5.5 ± 0.7 9.5 ± 0.9 9.8 ± 1.1 8.41 ± 1.1 
 
2.9 ± 0.2 6.4 ± 0.4 8.2 ± 0.4 9.1 ± 0.4 6.2 ± 0.3 
+P 1.2 ± 0.1 4.8 ± 0.7 8.4 ± 1.0 8.8 ± 1.2 7.61 ± 1.1 
 
2.7 ± 0.2 6.1 ± 0.4 7.8 ± 0.5 8.7 ± 0.6 6.0 ± 0.5 
P 0.445 0.502 0.459 0.575 0.633 
 
0.414 0.535 0.554 0.600 0.691 
 
‘Picudo’ 
Control - 8.9 ± 0.8 13.3 ± 1.2 15.5 ± 0.9 5.7 ± 1.4 
 
- 12.9 ± 0.1 13.2 ± 0.2 13.5 ± 0.1 0.6 ± 0.1 
Low P - 7.4 ± 0.9 11.6 ± 1.8 11.3 ± 1.3 3.9 ± 0.7 
 
- 11.2 ± 0.6 11.8 ± 0.5 12.2 ± 0.5 0.9 ± 0.3 
Medium P - 8.0 ± 1.6 13.3 ± 1.4 13.5 ± 1.3 5.4 ± 1.5 
 
- 12.7 ± 0.5 13.0 ± 0.7 13.4 ± 0.6 0.8 ± 0.4 
High P - 8.3 ± 0.7 11.8 ± 0.7 11.4 ± 1.1 3.0 ± 0.5 
 
- 12.6 ± 0.4 12.8 ± 0.4 13.0 ± 0.4 0.4 ± 0.1 
P - 0.847 0.671 0.233 0.403 
 













Table 4.4 Olive yield in ‘Ocal’ and ‘Picudo’ orchards as a function of the  
P fertilization. Data are mean ± standard error values of six trees. 
 Olive production (kg tree–1) 
Treatment 2010 2011 2010-2011  
 ‘Ocal’    
Control 71.2 ± 6.0 - -  
+P 61.2 ± 7.2 - -  
P 0.614 - -  
 ‘Picudo’    
Control 4.9 ± 4.3 26.6 ± 5.4 31.5 ± 1.4  
Low P 3.4 ± 1.2 17.6 ± 3.2 21.0 ± 3.6  
Medium P 9.4 ± 4.5 18.2 ± 4.7 27.6 ± 2.2   
High P 2.3 ± 1.0 25.7 ± 2.2 28.0 ± 2.4  
P 0.475 0.237 0.061  
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4.3.5 Mineral element concentration 
Table 4.5 shows the mean mineral element concentrations (from 2009 to 2011) measured in 
midshoot leaves (see Chapter VIII, Tables 3A.1-4 for detailed information). All mineral 
concentrations were above the critical levels suggested by Fernández-Escobar (2008). Fertilization 
with P significantly increased leaf P concentration only in ‘Manzanilla’. It should be noted that leaf P 
concentration was negatively correlated with SPAD in ‘Arbequina’ in October 2012 (r = –0.63, p = 
0.019), ‘Manzanilla’ in July 2009 (r = –0.62, p = 0.011) and October 2009 (r = –0.75, p = 0.001), and 
‘Picudo’ in May 2010 (r = –0.47, p = 0.022). 
Leaf Fe concentration was not significantly affected by fertilization with P but it was positively 
correlated in some cases with SPAD: in ‘Arbequina’ in July 2011 (r = 0.64, p = 0.013), in ‘ Ocal’ in 
April 2009 (r = 0.67, p = 0.017) and July 2009 (r = 0.69, p = 0.013), in ‘Manzanilla’ in July 2009 (r = 
0.51, p = 0.044) and July 2010 (r = 0.61, p = 0.015), and ‘Picudo’ in July 2010 (r = 0.57, p = 0.004), 
October 2010 (r = 0.66, p = 0.001) and October 2011 (r = 0.44, p = 0.031). 
The leaf P/Fe ratio (data not shown) was negatively correlated with SPAD value in ‘Arbequina’ in 
July 2011 (r = –0.69, p = 0.001), ‘Ocal’ in July 2009 (r = –0.66, p = 0.026) and July 2010 (r = –0.64, p 
= 0.035), ‘Manzanilla’ in July 2009 (r = –0.71, p = 0.001), and ‘Picudo’ in July 2010 (r = –0.63, p = 
0.001). It was also correlated with leaf weight in ‘Arbequina’ in May 2011 (r = –0.69, p = 0.009), 
‘Ocal’ in July 2009 (r = –0.62, p = 0.043) and ‘Picudo’ in July 2010 (r = –0.63, p = 0.001). 
 
4.4 Discussion  
Fertilization with P aggravated Fe chlorosis, the effect being stronger in ‘Manzanilla’ and ‘Picudo’ 
than in ‘Arbequina’ and ‘Ocal’ trees. Previous works (Sánchez-Rodríguez et al., 2013) supported the 
hypothesis that, as the degree of coverage of the poorly crystalline Fe oxides by the adsorbed 
phosphate (which can be represented by the Olsen P/Feox ratio) increases, the solubility of Fe 
decreases and Fe chlorosis becomes more severe. Although the initial Olsen P/Feox ratio was 
relatively similar in the two groups of soils, the addition of P affected ‘Manzanilla’ and ‘Picudo’ more 
than ‘Arbequina’ and ‘Ocal’ trees because the former grew on soils markedly poorer in Feox and also 
Fed than the latter (Table 4.2). In fact, as said before, Feox in the ‘Manzanilla’ and ‘Picudo’ soils was 
markedly lower than the critical value of 0.35 g kg–1 reported by Benítez et al. (2002).Therefore, 
these soils had, in absolute terms, a lower content in phosphate-free Fe oxide surfaces than the 
‘Ocal’ and Arbequina’ soils. Moreover, the clay content in the ‘Manzanilla’ and ‘Picudo’ soils was 
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below the critical value of 300 g kg–1 proposed by Benítez et al. (2002) for olive, whereas it was >300 
g kg–1 in the other two soils. 
 
The differences in SPAD (Figure 4.1) and leaf weight (Figure 4.3) between treatments increased 
with time except for ‘Ocal’. This trend can be partly attributed to rainfall being much higher in the 
2009–2010 and 2010–2011 than in the 2011–2012 seasons because temporary water saturation can 
result in reducing conditions and mobilization of Fe from the Fe oxides (Velázquez et al., 2004; 
Sánchez-Alcalá et al., 2011), and alleviate thus the negative effect of the adsorbed phosphate. On 
the other hand, trees often exhibit a lagged response to nutrient stress because of built-up nutrient 
reserves, which are likely to increase with tree age. This could partly explain the lack of response of 
the 15 years old ‘Ocal’ trees to P fertilization, which contrasts with the clear response of the 4 years 
old ‘Arbequina’ growing on a soil with similar Fe chlorosis-inducing capacity. The effect of built-up 
nutrient reserves seems also to explain why canopy volume, trunk diameter and yield were not 
affected by P fertilization. 
Table 4.5 Mineral element concentrations in  leaves collected in July. Data are mean ± standard error values of 
leaves collected from eight (‘Arbequina’ and ‘Gilena’) and six (‘Ocal’) trees in 2009,  2010 and 2011, and six 
(‘Picudo’) trees in 2010 and 2011. 
 
Treatment N P K Ca Mg  Fe Mn Zn Cu 
 (g kg-1)  (mg kg-1) 
 ‘Arbequina’ 
Control 17.5 ± 0.4 1.4 ±0.1 10.4 ± 0.6 15.0 ± 0.5 1.2 ± 0.1  54 ± 6 48 ± 5 18 ± 1 62 ± 10 
+P 18.1 ± 0.5 1.5 ± 0.0 13.2 ± 0.7 16.4 ± 0.6 1.4  ± 0.0  46 ± 2 55 ± 4 18 ± 0 49 ± 9 
P-ANOVA 0.424 0.083 0.006 0.051 0.144  0.217 0.082 0.548 0.459 
 ‘Ocal’ 
Control 17.7 ± 0.2 1.2 ± 0.0 14.6 ± 0.5 11.0 ± 0.2 1.3 ± 0.0  35 ± 2 29 ± 1 13 ± 0 151 ± 13 
+P 17.1 ± 0.2 1.2 ± 0.1 13.7 ± 0.6 11.7 ± 0.7 1.4 ± 0.1  36 ± 2 29 ± 2 13 ± 0 158 ± 8 
P-ANOVA 0.137 0.893 0.102 0.313 0.275  0.565 0.797 0.514 0.585 
 ‘Manzanilla’ 
Control 17.2 ± 0.4 0.9 ± 0.0 7.5 ± 0.2 17.7 ± 0.3 1.7 ± 0.0  42 ± 2 48 ± 2 14 ± 1 86 ± 12 
+P 18.0 ± 0.8 1.0 ± 0.0 7.6 ± 0.4 16.2 ± 1.4 1.6 ± 0.1  39 ± 1 44 ± 2 13 ± 0 81 ± 16 
P-ANOVA 0.346 0.024 0.750 0.321 0.620  0.189 0.349 0.108 0.823 
 ‘Picudo’ 
Control 15.7 ± 0.5 1.0 ± 0.0 7.3 ± 0.4 16.4 ± 0.4 1.7 ± 0.1  23 ± 2 29 ± 1 14 ± 1 80 ± 22 
Low P 15.4 ± 0.5 1.1 ± 0.0 6.6 ± 0.3 16.2 ± 0.1 1.7 ± 0.1  20 ± 1 30 ± 2 13 ± 1 57 ± 7 
Medium P 15.8 ± 0.4 1.0 ± 0.0 7.0 ± 0.3 17.6 ± 1.1 1.8 ± 0.1  21 ± 1 33 ± 3  14 ± 0 69 ± 7 
High P 16.1 ± 0.4 1.0 ± 0.0 7.1 ± 0.4 16.3 ± 1.4 1.8 ± 0.2  22 ± 1 30 ± 2 14 ± 1 97 ± 21 
P-ANOVA 0.757 0.180 0.350 0.473 0.180  0.361 0.464 0.555 0.208 
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Chlorotic leaves with high P concentrations tended to have lower SPAD value, weight and Fe 
concentration. A negative correlation between the leaf P/Fe ratio and SPAD was also reported by de 
Kock (1955) and Aktas and van Edmond (1979), who found high levels of P/Fe in chlorotic leaves in 
several species. This is consistent with increased P availability due to a high coverage of the Fe 
oxides by phosphate in P-fertilized soils and the concomitant decrease in Fe availability. It should 
also be noted that the positive correlation between leaf Fe concentration and SPAD value often 
found in this study goes against the common occurrence of the “Fe chlorosis paradox” (Häussling et 
al., 1985; Römheld, 2000), whereby chlorotic plants exhibit high Fe concentration as a result of their 
reduced growth under Fe stress. 
An adequate P management implies monitoring the available soil P (Olsen P) level. High values 
(> 10–20 mg P kg–1 depending on soil properties; Junta de Andalucía, 2004) should be avoided, 
especially in calcareous soils, where Feox is generally low (< 0.35 g kg–1; Benítez et al., 2002). The 
P fertilization should take into account soil P level and crop P uptake in order to reduce the risk of 
environmental pollution and production costs. In this way, P fertilization is unlikely to aggravate Fe 
chlorosis. 
 
4.5 Conclusions  
This study has demonstrated that fertilization with P can aggravate Fe chlorosis in olive, 
particularly in soils that have a high Fe chlorosis-inducing capacity due to their low content in Fe 
oxides. Because this negative effect is likely to be influenced in a complex way by plant 
characteristics (cultivar and age, basically), soil properties (available P and Fe, among others), and 
moisture regime, precise recommendations on how to manage P, particularly in intensive oliviculture, 
cannot be made. Keeping the available P levels slightly above the prescribed critical levels and 
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Abstract 
Iron (Fe) chlorosis is a worldwide nutritional problem affecting many crops grown in calcareous soils 
where the bioavailability of Fe is low due to their poor solubility at high pH. High levels of available 
phosphorus (P) in the soil could reduce the Fe bioavailability. The objectives of this paper are to 
investigate the response of chickpea growing on two Fe chlorosis-inducing calcareous soils 
generously supplied with phosphate, and to evaluate the effectiveness of a mixture of organic acids 
(citric, oxalic and malic) to alleviate Fe chlorosis symptoms under high-P conditions. Soil and 
treatment influenced the severity of Fe deficiency chlorosis in chickpea. Application of P (+P 
treatment) aggravated Fe deficiency irrespective of the soil. Phosphorus-induced Fe chlorosis was 
alleviated when organic acids were also applied to the soil (+P+OA treatment), which was reflected 
in increased SPAD leaf chlorophyll concentration and decreased ferric reductase in the plants 
growing on both soils. The effect was stronger for Soil 1, which had the lowest oxalate-extractable 
Fe content (Feox). However, Fe chlorosis was still more severe than in the control (–P treatment) 
plants. At the end of the experiment, +P plants were taller and had higher dry weight DW than –P 
and +P+OA plants, probably because organic acids increased Fe availability and thus inhibited the 
plant response mechanisms. The need of –P plants to explore soil in order to take up nutrients is 
reflected in their root architecture (reduced root diameter and increased length, surface area, root 
volume and tip numbers relative to +P and +P+OA plants). 
Keywords 
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CHAPTER V. ORGANIC ACIDS ALLEVIATE IRON CHLOROSIS IN CHICKPEA GROWN ON 
TWO CALCAREOUS SOILS FERTILIZED WITH PHOSPHORUS 
5.1 Introduction 
Calcareous soils cover about the 30 % of world’s total land area (Chen and Barack, 1982), with 
their main properties being their intrinsically high calcium carbonate content and alkalinity (pH 7.5–
8.5) (Loeppert et al., 1994). Typically, the bioavailability of micronutrients (e.g. Fe, Mn, Cu, Zn) is low 
in these soils due to their poor solubility at high pH (Brady and Weil, 1999). Consequently, 
micronutrient deficiency in crop production is a worldwide problem affecting many crops (citrus, olive, 
grapevine, cereals and berries, among others) grown in calcareous soils. The main visual symptom 
of Fe deficiency is leaf chlorosis (i.e. interveinal yellowing of the youngest leaves), which ultimately 
leads to leaf necrosis, reduced growth and poor yields. The high content and reactivity of carbonate 
combined with the low content of poorly crystalline Fe oxides in soil play a key role in Fe deficiency 
(Aly and Soliman, 1998; Velázquez et al., 2004; de la Torre et al., 2010). Therefore strategies are 
needed to enhance Fe dissolution and diffusion in the rhizosphere to enhance plant growth.  
The interactive effect of phosphorus (P) on plant Fe deficiency remains poorly understood. The 
high affinity of phosphate for the surface of Fe oxides and oxyhydroxides (Bigham et al., 2002) 
reduces Fe dissolution and bioavailability (Cornell and Schwertmann, 2003). Furthermore, P can 
interfere with the reduction of Fe (III) complexed with different organic ligands (Brown and Olsen 
1980), such as organic acids (e.g. citrate, Geelhoed et al., 1999) or phytosiderophores (e.g. 
mugineic acid, Hiradate and Inoue, 1998). 
Since the observation of de Kock and Hall (1955) that chlorotic leaves had a higher P/Fe ratio 
than non-chlorotic leaves in some ornamental plant species, different experiments have suggested 
that high P fertilization exerts a negative effect on Fe nutrition. Examples of this phenomenon exists 
for a wide range of crop plants including, field-grown soybean and grapevine rootstocks (Brown et 
al., 1959; Marschner and Schropp, 1977) and hydroponically grown corn, oat, soybeans, barley, 
peanut and tomato (Brown and Olsen, 1980;Chaney and Coulombe, 1982; Ladoceur et al., 2006). 
This had led some authors to suggest that P competes physiologically with Fe in plant tissues.  
Sánchez-Rodríguez et al. (2013) showed that high levels of P aggravated Fe chlorosis in 
chickpea, peanut, lupin and sorghum grown on artificial substrates prepared with mixtures of Fe 
oxide (ferrihydrite)-coated, calcium carbonate and quartz sand. The effect was more evident at low 
concentrations of Fe oxide in the substrate when the phosphate ion was strongly adsorbed on its 
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surface (Schwertmann and Taylor 1989; Cornel and Schwertmann 2003) decreasing the solubility of 
soil Fe (Borggaard, 1991; Celi et al., 2003). 
By contrast, there are also studies rejecting the hypothesis that P can aggravate Fe chlorosis: 
Müllner (1979), Mengel et al. (1979) and Kolesch et al. (1987b) in field-grown grapevine, Kolesch et 
al. (1987b) and Mengel et al. (1984) in pot-grown grapevine, Romera et al. (1991) in nutrient 
solution-grown peach rootstocks, Samar et al. (2007) in pot-grown ‘Delicious’ apple, and Balal et al. 
(2011) in two pot-grown Prunus rootstocks. These authors support the idea put forward by Mengel et 
al. (1984) that the high P content found in chlorotic leaves was actually the result and not the cause 
for Fe chlorosis. 
When tissue Fe levels fall below a critical threshold, plants can exploit a range of strategies to 
enhance the mobilization of Fe in the rhizosphere including: (1) acidification of the rhizosphere by 
the excretion of H+ (Bienfait et al., 1983), (2) stimulation of the Fe-reducing capacity through a ferric 
reductase system (Ellsworth et al., 1997), (3) exudation of phytosiderophores by Strategy II plants 
(Marschner and Römheld, 1994), and (4) root exudation of organic acids and phenolic compounds 
(Ohwaki and Sugahara 1997). Furthermore, morphological changes occur in plants (except in 
grasses) in response to Fe deficiency, including inhibition of root elongation, an increase in the 
diameter of the apical root zones and abundant root hair formation (Römheld and Marschner, 1981). 
Root exudation of organic acid anions (e.g. citrate, malate, and oxalate) is thought to represent 
one of the main strategies used by plants growing on calcareous soils to enhance nutrient 
mobilization and acquisition under P and micronutrient limiting conditions (Ström, 1997; Jones, 
1998). After release into the rhizosphere the organic acids can undergo a number of fates including 
complexation of metals which induces mineral dissolution and enhances the solubility and diffusion 
of micronutrients towards the root (Ryan et al., 2001). This response is typically enhanced by co-
acidification of the soil via the roots H+-ATPase or via release of organic acid anions in a protonated 
form (Jones, 1998). However, the behaviour of organic acids in soil is complex and a range of 
processes can occur which can reduce the magnitude of the nutrient mobilization response 
including: (1) consumption of the organic acids by the soil microbial community, (2) immobilization on 
anion exchange sites, (3) precipitation (e.g. Ca-oxalate), (4) abiotic mineralization, and (5) leaching 
down the soil profile (von Wiren et al., 1995; Jones, 1998). While organic acids such as citrate and 
malate have been shown to induce the dissolution of insoluble ferric oxyhydroxides in soil in the 
absence of plants (Jones et al., 1996b; Gerke 1992), their ability to mobilise Fe in a complex 
rhizosphere environment remains largely unknown. 
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The aims of the present study were therefore, (1) to investigate the response of chickpea growing 
on two Fe chlorosis-inducing calcareous soils when the soil was generously supplied with 
phosphate, and (2) to evaluate the effectiveness of a mixture of organic acids (citric, oxalic and 
malic) to alleviate Fe chlorosis symptoms under high-P conditions. 
 
5.2 Materials and methods 
5.2.1 Soils 
The experiments used two calcareous soils from southern Spain previously characterized by 
Sánchez-Alcalá et al. (2011). The first (‘Soil1’) was collected from a vineyard in Montilla, Province of 
Córdoba (37º34’26”N, 4º38’25”W) whilst the second (‘Soil18’) was collected from an olive orchard in 
the Province of Jaén (37º59’41”N, 3º13’37”W). Crops growing on both soils exhibited strong signs of 
Fe chlorosis. 
Organic carbon content (rapid dichromate oxidation; Walkley and Black, 1934) was 15 and 16 g 
kg–1 for Soil 1and Soil18, respectively and clay content (pipette method) was 210 and 300 g kg–1 for 
Soil 1and Soil 18, respectively. Both soils were highly calcareous: calcium carbonate equivalent 
(CCE) (determined by weight loss upon treatment with 6 M HCl; van Wesemael, 1955) was 490                
g kg–1 for Soil 1 and 380 g kg–1 for Soil 18, and active calcium carbonate equivalent (ACCE) 
(Drouineau, 1942) was70 g kg–1 for Soil 1 and 150 g kg–1 for Soil 18. The pH (potentiometric 
measurement in a relation of 1:2.5 soil in water suspension) was typical of calcareous soils (8.6 for 
Soil 1 and 8.4 for Soil 18), and cation exchange capacity (extraction with 1 M NH4OAc buffered at pH 
7) was 8.3 cmolc kg–1 for Soil 1 and 19.5cmolc kg–1 for Soil 18, calcium being the dominant 
exchangeable cation due to the high carbonate content in both soils. Electrical conductivity of the 1:5 
(w/v) soil:water extract was 0.15 dS m−1 in Soil1 and 0.08 dS m–1 in Soil18. Olsen P (extraction with 
0.5 M NaHCO3 buffered at pH 8.5; Olsen et al., 1954) was low in both soils (4.1 mg kg–1 in Soil 1 and 
2.4 mg kg−1 in Soil 18). Citrate/bicarbonate/dithionite-extractable Fe (Fed, Mehra and Jackson, 1960, 
with extraction carried out at 25º C for 16 h) was 1.80 g kg–1 in Soil 1 and 4.40 g kg–1 in Soil 18. 
Citrate/ascorbate –extractable Fe (Feca; Reyes and Torrent 1997) was 0.64 g kg–1 in Soil 1 and 1.21 
g kg–1 in Soil 18. Acid oxalate extractable Fe (Feox; Schwertmann, 1964) was 0.23 g kg–1 in Soil 1 
and 0.71 g kg–1 in Soil 18. Both Feox and Feca are considered to provide a good estimate of the Fe 
present in the form ofpoorly crystalline Fe oxides (Reyes and Torrent, 1997); thus, the availability of 
Fe is higher in Soil 18 than in Soil 1.Diethylenetriamine-pentacetic acid (DTPA)-extractable Fe 
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(FeDTPA; Lindsay and Norvell, 1978) was 2.20 mg kg–1 in Soil 1 and 4.00 mg kg–in Soil 18; both 
values are below critical Fe level for adequate Fe nutrition (5 mg kg–1; Lindsay and Norvell, 1978). 
 
5.2.2 Plant growth experiments 
The experimental design included three treatments: a control (no P added to the soil; “–P” 
treatment) and two treatments where phosphate was applied by spraying the soil with a Ca (H2PO4)2 
solution at a rate of 100 mg P kg–1 before transplantation without (“+P” treatment) or with organic 
acids (“+P+OA” treatment). In the latter treatment, plants were watered with 10 mL of a solution 
containing citric, oxalic and malic acids (10 mM) every day from the fifteenth day after transplantation 
(DAT), when roots were well established in the soil, until harvest. The concentration was chosen to 
reflect high rates of organic acid exudation (Jones, 1998). 
Chickpea (Cicer arietinum L. cv. ICC 11224) was grown in cylindrical plastic pots 7.5 cm in 
diameter and 10 cm high provided with drainage holes at the bottom and filled with 250 g of soil. 
Seeds were germinated for 72 h at 20 ºC and three seedlings were transplanted to each pot (see 
Chapter VIII, Figure 4A.1), which was placed in a greenhouse with a photoperiod of 16 h d−1, a 
temperature of 20 ºC and a relative humidity of 45−55% for 27 d. A micronutrient-rich, Fe-free, P-
poor modified Hoagland nutrient solution was applied according to the needs of each crop. The 
composition of the nutrient solution was Ca(NO3)2·4H2O (5 mM), KNO3 (5 mM), MgSO4 (2 mM), KCl 
(0.1 µM), H2KPO4 (0.25 mM), H3BO3 (50 µM), MnSO4·H2O (4 µM), ZnSO4·7H2O (4 µM), 
CuSO4·5H2O (0.1 µM), Na2MoO4 (6 µM). The pots were weighed daily and the soil kept at near field 
capacity with deionized water. Five replicates were used in all treatments and soils. 
After the appearance of the first symptoms of Fe chlorosis at 21 DAT, the leaf chlorophyll 
concentration was periodically monitored using a SPAD meter (SPAD 502 Portable Chlorophyll 
Meter, Minolta Camera Co., Osaka, Japan). To validate the SPAD readings, 30 leaves of the 
younger and completely expanded leaves exhibiting a variable degree of Fe chlorosis were collected 
from various plants. After measuring the leaf fresh weight, surface area and SPAD, chlorophyll was 
extracted with 96 wt.% ethanol and its concentration measured according to the method of 
Wintermans and de Mots (1965). Because SPAD and leaf chlorophyll concentration per unit surface 
were highly correlated (r = 0.81, p < 0.001) the SPAD value was adopted as a reliable proxy for 
chlorophyll concentration.  
During the growth period, plant height and number of leaves were measured periodically. Soil 
solution was extracted from each pot 20 DAT and the day before harvest using Rhizon® samplers 
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(Rhizosphere Research Products, Wageningen, Netherlands; Chapter VIII, Figure 4A.2) and 
analysed for Fe, P and pH. At harvest, the plants were removed from the moist soil carefully and the 
soil adhering to the roots (about 30 g per pot) was collected and stored at 4 ºC. The plant was then 
taken to the laboratory and its roots were washed and soaked for 30 min in plastic vessels with 50 
mL of a nutrient solution analogous to the one described previously except that it contained no 
micronutrients and adjusted to pH 5.0 with KOH (10 mM). To determine their ferric reductase activity, 
the plant roots were submerged for 1 h in 40 mL of a reduction assay solution without micronutrients 
that contained 100 µM Fe (III)-EDTA, 300 µM Ferrozine and 5 mM Mes buffer adjusted to pH 5.0 
with KOH (Lucena et al., 2006). This process took places in the greenhouse without ligh for roots 
(Chapter VIII, Figure 4A.3). The amount of Fe (II)-ferrozine was determined spectrophotometrically 
at 562 nm using an extinction coefficient of 29 800 M–1 cm–1. Subsequently, the roots were washed 
with deionized water, scanned and their length determined using WinRHIZO® (Regent Instruments 
Inc., Canada; Chapter VIII, Figure 4A.4). N2-fixing nodules were then separated from the roots by 
hand. Root, shoot and nodule dry weight were determined after oven drying (80 ºC, 72 h) and 
mineral element concentrations in aerial parts and roots were determined after dry-ashing and 
digestion with hydrochloric acid (Adrian, 1973). Magnesium, Fe, Mn and Zn in solution were 
determined using a Varian 720 ES ICP-OES, K and Ca by flame emission and P by the molybdenum 
blue method of Murphy and Riley (1962). The N and C concentration was determined by direct 
combustion of the plant material using a TruSpec® analyser (Leco Corp., St Joseph, MI, USA). 
 
5.2.3 14C organic acid mineralization 
To determinate the rate of microbial organic acid degradation, 14C-labelled citrate, oxalate and 
malate, were added to soil and the rate of 14CO2 evolution determined over a 72 h period (van Hees 
et al., 2002). Briefly, 200 µL of an organic acid solution (10 mM) containing citrate, oxalate and 
malate (of which only one was 14C-labeled) was placed in 60 mL polypropylene tubes containing 5.0 
g of field-moist rhizosphere soil obtained from the harvested pots. The specific activity of citrate was 
0.20 kBq mL−1, 0.44 kBq mL−1 for oxalate and 0.45 kBq mL−1 for malate. After organic acid addition, a 
1 M NaOH trap (1 mL) was placed on top of the soil and the tubes sealed and incubated in the dark 
at 20 ºC. The NaOH traps were removed at 1, 2, 4, 8, 10, 24, 32, 48 and 72 h after organic acid 
addition and their 14CO2 content determined by liquid scintillation counting. Five replicates of each 




5.2.4 Statistical analyses 
Statistical analyses were performed using STATISTIX 9.0 software (Analytical Software, 
Tallahassee, FL, USA). The analysis of variance (ANOVA) was based on a completely randomized 
design with three treatments (–P, +P and +P+OA) in each soil. Means were separated using the 
Least Significant Difference (LSD) test at a probability level of 0.05. Unless otherwise indicated the 
term “significant” refers to this probability level.  
 
5.3 Results and discussion 
5.3.1 SPAD values, chlorophyll content and ferric reductase activity 
Figure 5.1 shows the time course of the SPAD value for the youngest leaves of chickpea as a 
function of soil and treatment. Iron deficiency symptoms (leaf chlorosis) appeared at the end of the 
third week after transplantation. Generally, both P fertilization and organic acid addition to the soil 
(+P and +P+OA treatments) resulted in reduced SPAD readings in the plants grown on both soils 
(Figure 5.1 and Chapter VIII, Table 4A.1).The SPAD value of the control plants (–P) was significantly 
higher than the rest of the treatments at all measurement times for Soil 1 (p < 0.001 – 23 DAT, p < 
0.001 – 25 DAT, and p < 0.05 – 27 DAT) and only 25 DAT in Soil 18 (p < 0.001). Relative to the +P 
treatment, the +P+OA treatment resulted in higher SPAD readings for the plants grown on Soil 1 
(see Chapter VIII, Figure 5A.5); this effect, however, was not observed for Soil 18. Similar results 
were obtained for direct measurements of chlorophyll content in the last leaflet and two last leaflets 
(Table 5.1). The key role played by the poorly crystalline Fe oxides in supplying Fe to the plant 
(Loeppert and Hallmark, 1985; Morris et al., 1990; Benítez et al., 2002; Díaz et al., 2009) was 
probably responsible for the higher chlorophyll content in plants grown on Soil 18 (Table 5.1, Figure 
5.1), which has a higher Feox content than Soil 1, however, no significant differences were found in 
SPAD values between soils. 
The ferric reductase activity of plant roots was significantly higher in plants grown on soils 
supplied with P (+P and +P+OA treatments) than in the control treatment (–P) except for those of the 
+P+OA treatment in Soil 1 (Table 5.1).Chlorophyll content and ferric reductase activity were 
negatively correlated (r = –0.65, p = 0.016; for plants grown on Soil 1 and r = –0.60, p = 0.027; for 
plants grown on Soil 18), as reported previously for bean (Bienfait et al., 1983), soybean (Jolley et 
al., 1992), dry bean (Ellsworth et al., 1997), and peach (Romera et al., 1991; de la Guardia et al., 
1995). 





















Figure 5.1 Influence of soil phosphorus (+P) and organic acid (+P+OA) addition on the chlorophyll content 
(SPAD value) of chickpea leaves grown in two calcareous soils (Soil 1, Soil 18). Values represent mean ± 
standard error (n = 5). 
 
5.3.2 Plant growth  
Vigorous plant growth was observed on both soils (Chapter VIII, Figure 4A.6). Plants grew 
slightly taller on Soil 1 than on Soil 18 (Figure 5.2), which was not unexpected because of the 
significantly different physical and chemical properties of the two soils. Significant differences in plant 
height were found at harvest, with plants grown under the +P treatment being significantly taller that 
the other two treatments. Dry weight (DW) and leaflet weight at harvest were lower in the +P+OA 
treatment than in the –P and +P plants, but differences were significant only for Soil 1 (Table 5.1). 
Nodule weight was significantly greater in the +P and +P+OA treatments than in the –P plants (Table 





Properties of root architecture as a function of soil type and amendment are shown in Table 5.2. 
Root diameter increased in the order –P < +P < +P+OA plants but differences were significant only 
between –P and +P+OA plants grown on Soil 18. Root length, surface area and volume, and number 
of tips decreased in the order–P > +P > +P+OA plants, most of the significant differences being 
found in Soil 1 (Table 5.2). As expected, the concentration of P in the soil solution was higher for the 
+P and +P+OA treatments than for the –P treatment (Table 5.3). Both the concentration of Fe and 
the pH of the soil solution were significantly higher for the +P+OA than for the other two treatments. 
The P and Fe in soil solution decreased in the opposite direction indicating the need of control plants 
(–P) to explore the soil to facilitate the uptake of nutrients (Table 5.3).  
Root and root hair production are typically stimulated by low P tissue concentrations being low 
content being and growth down regulated under times of high P supply (Gardner et al., 1982; 
Foehse and Jungk, 1983; Bates and Lynch, 1996). No stimulatory effect on root hair production by 
Fe deficiency was observed in comparison with other experiments (Schmidt, 1999) possibly because 
the effect of a macronutrient like P in soil solution is more important from a regulatory perspective. 
Amendment of the soil with organic acids (+P+OA) increased the concentration of Fe in soil 
solution (Table 5.3). This would increase the availability of Fe and may be responsible for reducing 
Fe chlorosis symptoms in comparison with the P treated plants (+P) (see chlorophyll content in the 
last leaflet, Table 5.1).  
 
Table 5.1 Chlorophyll concentration in the last leaflet (a) and the two last leaflets (a-b), root ferric reductase activity, dry weight (DW), 
last leaflet weight and root nodule weight in chickpea in response to the addition of P (+P) and organic acids (+P+OA) to soil.  
Values represent mean ± standard error (n = 5).Letters a and b denote significant differences between treatments at the p < 0.05  
level. 
Treatment Soil Chlorophyll a Chlorophyll a-b  Ferric reductase  DW   Leaflet weight  Nodules 
  (mg g
−1)  (mg g
−1)  (nmol g
−1 h−1)  (g plant
−1)   (mg plant




                             
−P 
 
4.9 ± 0.4 a 
 
4.5 ± 0.2 a 
 
263 ± 25 b 
 
0.29 ± 0.02 a 
 
3.9 ± 0.1 
  
3.4 ± 0.5 b 
+P 
 
3.5 ± 0.2 b 
 
3.4 ± 0.2 b 
 
430 ± 36 a 
 
0.31 ± 0.01 a 
 
4.9 ± 0.5 
  
17.1 ± 2.3 a 
+P +OA 
 
4.3 ± 0.3 ab 
 
4.1 ± 0.2 a 
 
378 ± 46 ab 
 
0.23 ± 0.02 b 
 
3.7 ± 0.3 
  




    
0.007 
    
0.035 
    
0.003 
    
0.051 
    
0.001 
   
 
18 
                             
−P 
 
6.4 ± 0.2 
  
7.1 ± 0.6 
 
301 ± 62 b 
 
0.25 ± 0.01 
  
2.8 ± 0.2 
 
6.0 ± 0.7 b 
+P 
 
5.6 ± 0.4 
  
6.4 ± 0.7 
 
1023 ± 227 a 
 
0.29 ± 0.01 
  
3.3 ± 0.4 
 
14.8 ± 2.2 a 
+P +OA 
 
6.2 ± 0.1 
  
5.8 ± 0.1 
 
784 ± 91 a 
 
0.24 ± 0.03 
  
2.5 ± 0.1 
 




    
0.324 
    
0.019 
    
0.093 
    
0.150 
    
0.002 
   


















5.3.3 Organic acid mineralization 
Figure 5.3 shows the time-dependent mineralization of the mixture of citrate, oxalate and malate 
for each soil and labeled organic acid. All the 14CO2 evolution data fitted well to sigmoidal curves 
(0.95 < r2 < 0.99, p < 0.001) Overall, mineralization was faster for citrate than for the other two anions 
Table 5.2 Root architecture characteristics for chick pea plants grown in two calcareous soils (Soil 1, Soil 18) amended 
without (−P) or with P (+P) and organic acids (+P+OA). Values represent mean ± standard error (n = 5). Letters a, b 
and c denote significant differences between treatments at the p < 0.05 level. 
Treatment Soil Diameter 
 














   
−P 
 
0.83 ± 0.02 
 
3.48 ± 0.16 a  0.91 ± 0.05 a  1.91 ± 0.01 a 
 
166 ± 8 a  
+P 
 
0.85 ± 0.04 
 
2.72 ± 0.18 b  0.72 ± 0.04 b  1.53 ± 0.01 b 
 
136 ± 24 ab 
+P+OA 
 
0.91 ± 0.02 
 
1.84 ± 0.19 c  0.53 ± 0.05 c  1.20 ± 0.01 b 
 














   
−P 
 
0.80 ± 0.02 a 
 
2.47 ± 0.18 a  0.68 ± 0.03  1.36 ± 0.07 
 
234 ± 46 
+P 
 
0.84 ± 0.03 ab 
 
2.37 ± 0.15 ab  0.62 ± 0.03  1.31 ± 0.05 
 
207 ± 63 
+P+OA 
 
0.89 ± 0.02 b 
 
1.91 ± 0.18 b  0.53 ± 0.05  1.19 ± 0.11 
 





0.015  0.051  0.344 
 
0.594 
Table 5.3 Composition of soil solution obtained from the rhizosphere of 
chickpea plants grown in two calcareous soils (Soil 1, Soil 18) amended 
without (−P) or with P (+P) and organic acids (+P+OA).Values represent 
mean ± standard eror (n = 5). Letters a, b and c denote significant 
differences between treatments at the p < 0.05 level. 
Treatment Soil P Fe pH 
 




         
−P  0.7 ± 0.1 b 12.2 ± 12.2 b 7.65 ± 0.02 b 
+P  24.9 ±1.2 a 42.8 ± 18.3 b 7.62 ± 0.02 b 
+P +OA  23.6 ± 2.8 a 295.6 ± 112.1 a 7.97 ± 0.03 a 








         
−P  0.3 ± 0.1 b 79.5 ± 37.0 7.75 ± 0.01 b 
+P  21.7 ± 0.3 a 30.6 ± 30.6 7.70 ± 0.01 b 
+P +OA  22.2 ± 1.9 a 193.7 ± 36.8 8.00 ± 0.04 a 








which exhibited similar rates of mineralization. Except for oxalate in Soil 1, the mineralization rate 
was higher or similar to in the soils supplied with P than in the control soils, consistent with the idea 
that P promotes soil microbial activity. The low mineralization rate of oxalate in Soil 1 not previously 
supplied with organic acids (treatments –P and +P) agree with previous data on the resistance of 
oxalate to microbial degradation (Ström et al., 2001 and 2002) and may have relationship with the 
rapid precipitation of Ca oxalate in a calcareous soil not previously supplied with this anion. 
However, the mineralization patterns of oxalate in Soil 18 differ markedly from those of Soil 1. The 
results also suggest that the microbial community may have upregulated its ability to use oxalate in 
the soils which had received organic acids on a regular basis. 
 
5.3.4 Mineral element concentration in plant  
The concentrations of C, N, P, K, Ca, Mg, Fe, Cu, Mn and Zn in the chickpea aerial part are 
shown in Table 5.4 (see root concentrations in Chapter VIII, Table 4A.2). Although nutrient 
concentrations were above established critical levels (Benton Jones et al., 1991; Reuter et al., 1997), 
some data deserve attention. Carbon content in the aerial part was inversely related to root 
nodulation (Tables 5.1 and 5.4), as the consequence of bacteria in nodules needing carbohydrates 
(and other nutrients) from the host plant (Vance, 2001; Poole and Allaway, 2000). 
Control plants (–P) followed by those treated with phosphorus (+P) and then by those treated 
with organic acids (+P+OA) had the highest biomass N concentration despite having less nodulation 
(Tables 5.1 and 5.4). Wang et al. (2009) found that organic acids (oxalic, citric and malic) had an 
inhibitory effect on root nitrogen accumulation, nodulation and nitrogen fixation of soybean grown in 
sand culture under phosphorus deficient conditions. The conditions in our experiment in which plants 
were watered with modified Hoagland solution rich in N would, however, be expected to have a 
greater regulatory effect on N fixation. 
Plants grown on Soil 1 treated with organic acid (+P+OA) increased their aerial P concentration. 
The same effect was observed for roots of plants grown on treated P soils (+P) and treated with 
organic acids (+P+OA) for both soils (Chapter VIII, Table 4A.2). 
An increasing effect in K concentration was observed (especially in root, Chapter VIII, Table 
5A.2) when organic acids were added (+P+OA treatment). It could be because an excessive positive 
charge is produced by H+ from organic acids out of the root cells, decreasing the H+ excretion by the 
roots that uptake K+ in order to reduce the positive charge, increasing slightly and significantly the pH 
of the rhizosphere in both soils (Table 5.3).  
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Figure 5.3 Time course of microbial 14CO2 production (in % of total organic acid applied) after the addition of 
14C-labeled citric, oxalic or malic acid to two calcareous soils (Soil 1, Soil 18) previously treated without (−P) or 
with P (+P) or organic acids (+P+OA). Values represent mean ± standard error (n = 5). 
 
Calcium concentration decreased for plants treated with organic acids (+P+OA) possibly due to the 
formation of Ca-oxalate precipitates reducing the bioavailability of Ca. Iron concentration was 
significantly higher in the aerial part of  plant treated with organic acids (+P+OA) plants grown on 
Soil 1. Mangenesum concentration reached higher values in more chlorotic plants, that is common in 
this Fe deficiency experiences. Zinc concentration is not shown but Zn deficiency was not observed 
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in previous similar experiments (Sánchez-Rodríguez et al., 2013 and Chapter III of the present 




Non-crystalline Fe oxides have an important role in the availability of Fe for plants. Therefore, 
leaf chlorophyll content was higher for chickpea grown on Soil 18 which was richer in Feox content 
than Soil 1. The negative effect of high P fertilization on Fe chlorosis in chickpea was partially 
alleviated (increasing SPAD value, leaf chlorophyll content and reducing root ferric reductase 
activity) with the addition of organic acids to the soil, especially for Soil 1, lower in Feox and with a 
high response observed to that treatment than in plants grown on Soil 18, probably due to their 
higher leaf chlorophyll content. However, the Fe chlorosis was more severe in chickpea treated with 
organic acids than in the control plants which received no P. The increase in nutrient availability (Fe 
in soil solution) as a result of organic acids addition could indirectly inhibit the root response 
mechanisms (i.e. increase of root diameter in comparison with control plants), reducing the 
production of fine roots needed to explore the soil for nutrient acquisition.  
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Table 5.4 Nutrient concentrations in aerial part of chickpea grown in two calcareous soils (Soil 1, Soil 18) amended without (−P) or with P (+P) and 
organic acids (+P+OA). Values represent mean ± standard eror (n = 5). Letters a, b and c denote significant differences between treatments at the p < 
0.05 level. 










Mg  Fe Mn Cu 
  
(g kg−1) 
         
  (mg kg−1)   
 
1 
          
     
−P 
 
443.5 ± 1.7 a 45.8 ± 1.3 a 1.52 ± 0.05 b 16.4 ± 3.0 b 17.8 ± 0.8 b 1.2 ± 0.1 b  67 ± 11   b 20 ± 3 b 11 ± 0 a 
+P 
 
417.1 ± 1.9 b 35.1 ± 0.9 b 1.62 ± 0.05 b 30.6 ± 2.4 a 20.4 ± 0.4 a 1.6 ± 0.1 a  64 ± 7     b 41 ± 3 a 9 ± 0   b 
+P+OA 
 













<0.001  0.018 <0.001 0.015 
 
18 
          
     
−P 
 
440.9 ± 0.8 a 46.4 ± 1.3 a 1.57 ± 0.10 21.4 ± 1.6 16.5 ± 0.3 b 1.7 ± 0.0 b  76 ± 4 26 ± 1 b 11 ± 0 a 
+P 
 
424.1 ± 1.5 b 40.5 ± 1.0 b 1.43 ± 0.09 25.3 ± 1.6 19.2 ± 0.3 a 2.2 ± 0.0 a  90 ± 7 49 ± 5 a 9 ± 0   b 
+P+OA 
 


















































CAPÍTULO VI. CONCLUSIONES 
 
1. La fertilización fosfatada agrava los síntomas de la clorosis férrica en plantas sensibles 
(como garbanzo, altramuz, cacahuete, sorgo y olivo) cuando el contenido en óxidos de Fe 
poco cristalinos (Feox) en un sustrato artificial modelo o en un suelo calcáreo es bajo. No se 
observó efecto de la fertilización fosfatada o fue muy limitado en plantas que crecieron 
sobre sustrato o suelos calcáreos con alto contenido en óxidos de Fe.  
 
2. La estrategia de adquisición del Fe y la sensibilidad a la deficiencia de Fe de la planta 
determinan la magnitud del efecto negativo de la fertilización fosfatada en la clorosis férrica, 
de modo que el sorgo (estrategia II) es menos sensible que el garbanzo, altramuz y el 
cacahuete (estrategia I).  
 
3. Los contenidos en P disponible (P Olsen) y en Fe disponible (extracción con oxalato 
amónico, Feox) en suelos calcáreos son las propiedades que más influyen en el efecto de la 
fertilización fosfatada sobre la deficiencia de Fe.  
 
4. La relación entre ambas propiedades (P Olsen/Feox), indicadora del grado de cobertura de 
los óxidos poco cristalinos de Fe por P, es útil a la hora de comprender el efecto de la 
fertilización fosfatada sobre la clorosis férrica. En altramuz, la reducción de clorofila en hoja 
causada por la adición de P al suelo es mayor para valores bajos de  P Olsen/Feox, debido a 
que la superficie de óxidos de Fe no cubierta por P es mayor que para valores altos de  P 
Olsen/Feox, en las que el P añadido tendrá menor superficie disponible para cubrir (ya 
cubierta por el P aplicado anteriormente al suelo). El contenido de clorofila en hoja de 
altramuz (para las plantas control o no fertilizadas con P) depende de la relación P Olsen 
/Feox. En sorgo, la fertilización fosfatada tiene un efecto positivo para bajos valores de la 
relación P Olsen /Feox y un efecto negativo o no pronunciado para valores medios o altos de 
dicha relación. Esto es debido a la baja eficiencia del sorgo en la adquisición de P en 
comparación con el altramuz, capaz de producir raíces proteoides. En olivo sobre suelo 
calcáreo en umbráculo, a igualdad de la relación P Olsen/Feox, el efecto de la fertilización 
fosfatada agrava la clorosis férrica en el caso de uno de los dos suelos, el que tiene menor  
contenido en óxidos de Fe. 
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5. La fertilización con altas dosis de P agrava la clorosis férrica en olivo (menor contenido de 
clorofila y menor tamaño de hoja), principalmente cuando el contenido en Feox es bajo (Feox 
< 0.35 g kg―1).  Este efecto puede no ser inmediato, manifestándose varios años después 
de la aplicación de P debido posiblemente al efecto regulador del árbol en situaciones de 
deficiencia nutritiva, mayor en árboles adultos que en jóvenes. Por tanto, la variedad y edad 
del olivo, junto con el contenido en P y Fe disponibles del suelo son factores a tener en 
cuenta. 
 
6. Es aconsejable mantener el nivel de P en suelo ligeramente por encima de los valores 
recomendados y evitar altas concentraciones locales de P, a fin de no agravar la clorosis 
férrica en olivo. Con ello se minimiza además, el coste en fertilizante y el riesgo de 
contaminación de aguas superficiales y subterráneas. 
 
7. La adición de ácidos orgánicos parece ser efectiva para incrementar la disponibilidad de Fe 
y aliviar los síntomas de la clorosis férrica a altas dosis de P. La efectividad es mayor 
cuando el contenido en Feox es bajo. Sin embargo, los ácidos orgánicos pueden llegar a 
producir modificaciones de la arquitectura de la raíz, de modo que se incrementa el 
diámetro de la misma y disminuye el número de raíces finas con capacidad de absorción de 
nutrientes de la disolución del suelo. 
 
8. Los resultados de esta tesis muestran, en resumen, que la fertilización fosfatada tiende a 
agravar la clorosis férrica de plantas sensibles que crecen en suelos calcáreos. Este efecto 
es función de las características de la planta (estrategia de adquisición de Fe, especie, 
variedad y edad) y del contenido de P y óxidos de Fe del suelo. 
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Table 1A.1 Preliminary experiment: time course of SPAD at different days after transplant (DAT), height, number of leaves (leaves), weight and surface 
area of the youngest leaflet (mean of four replicates) in chickpea, lupin and peanut as a function of the proportions of Fe oxide-coated sand (FOCS), 
























    
14 18 25 





36.1 ±1.9 27.2 ± 1.8 21.1 ± 2.7 
 
12.0 ± 0.3 11.3 ± 0.3 
 
3.5 ± 0.8 
 





31.8 ± 1.5  23.1 ± 2.2 18.1 ± 0.8 
 
12.4 ± 0.5 11.8 ± 0.3 
 
4.7 ± 0.8 
 





32.0 ± 2.2 17.6 ± 1.9 10.3 ± 2.6 
 
12.2 ± 0.5 12.0 ± 0.4 
 
5.4 ± 0.8 
 





36.6 ± 1.7  28.7 ± 2.9 29.2 ± 0.9 
 
13.0 ± 0.3 10.8 ± 0.5  
 
3.1 ± 0.1 
 





36.8 ± 0.9 33.4 ± 1.4 32.2 ± 0.9 
 
14.1 ± 0.1 12.5 ± 0.3 
 
3.7 ± 0.3 
 





37.1 ± 0.8 31.6 ± 1.5 34.2 ± 1.4 
 
14.2 ± 1.0 12.0 ± 0.6 
 
3.4 ± 0.4 
 
0.29 ± 0.03 
P 
 








    
14 18 20 





36.1 ± 2.0 31.8 ± 1.4 20.8 ± 2.4 
 
10.7 ± 0.4 5.5 ± 0.2 
 
63.3 ± 6.3 
 





33.6 ± 1.4 26.7 ± 1.7 15.5 ± 1.4 
 
9.4 ± 0.4 5.3 ± 0.3 
 
54.8 ± 2.9 
 





31.1 ± 0.5 24.2 ± 2.8 16.0 ± 1.4 
 
9.8 ± 0.1  4.8 ± 0.3 
 
46.5 ± 8.0 
 





43.9 ± 1.7 48.8 ± 4.2 48.1 ± 2.4 
 
10.2 ± 0.5 5.0 ± 0.2 
 
77.3 ± 3.0 
 





44.8 ± 1.8 50.8 ± 0.6 48.1 ± 1.5 
 
10.5 ± 0.4 4.9 ± 0.1 
 
61.5 ± 2.9 
 





44.9 ± 1.3 49.1 ± 2.1 50.0 ± 1.3 
 
9.9 ± 0.8 5.0 ± 0.2 
 
67.3 ± 4.9 
 
3.2 ± 0.4 
P 
 








    
18 21 24 





20.8 ± 1.6 14.5 ± 2.9 18.1 ± 1.7 
 
10.6 ± 0.3 6.6 ± 0.9 
 
145.3 ± 35.2 
 





24.0 ± 2.2 11.6 ± 1.4 14.3 ± 2.0 
 
10.2 ± 0.2 6.5 ± 0.0 
 
173.5 ± 13.3 
 





21.9 ± 2.2 12.3 ± 1.3  5.6 ± 1.5 
 
10.5 ± 0.8 6.3 ± 0.8  
 
156.3 ± 9.9 
 





31.4 ± 1.5 35.6 ± 2.3 31.7 ± 2.1 
 
11.4 ± 0.1 6.9 ± 0.1 
 
205.8 ± 15.3 
 





28.1 ± 2.6 30.2 ± 3.6 31.1 ± 1.0 
 
11.0 ± 0.2 6.8 ± 0.3 
 
168.3 ± 13.9 
 





21.4 ± 2.1 29.3 ± 3.3 31.8 ± 1.7 
 
11.2 ± 0.2 7.1 ± 0.9 
 
200.5 ± 14.8 
 
10.0 ± 0.6 
P 
 












Table 1A.2 Factorial experiment: time course of SPAD value at different days after transplantation (DAT), number of leaves 
(leaves), weight and area of the youngest leaflet at harvest in lupin and sorghum as a function of the proportions of Fe 








Leaflet area  
(cm2) 
Lupin 13 19 22 
     
FOCS (wt%) 
        
2 19.5 ± 1.7 11.6 ± 1.5 15.9 ± 2.3 
 
5.9 ± 0.2 
 
26.8 ± 1.6 1.8 ± 0.1 
4 23.2 ± 1.5 17.6 ± 2.1 20.5 ± 2.3 
 
5.9 ± 0.1 
 
31.9 ± 1.4 1.8 ± 0.1 
8 19.7 ± 1.2 23.3 ± 2.4 27.7 ± 2.7 
 
6.2 ± 0.1 
 
34.6 ± 1.7 2.1 ± 0.1 




0.002 < 0.001 
         CCS (wt%) 
        
12 19.5 ± 1.1 25.7 ± 2.3 31.1 ± 2.3 
 
6.2 ± 0.1 
 
33.4 ± 1.9 2.1 ± 0.1 
25 20.0 ± 1.4 16.7 ± 2.1 22.0 ± 2.3 
 
6.1 ± 0.1 
 
29.3 ± 1.5 1.8 ± 0.1 
50 22.9 ± 1.8 10.2 ± 0.8 11.0 ± 1.2 
 
5.7 ± 0.2 
 
30.6 ± 1.6 1.8 ± 0.1 





         P dose ( µg pot -1) 
        
2 20.7 ± 1.1 20.5 ± 2.0 24.5 ± 2.0 
 
6.1 ± 0.1 
 
30.5 ± 1.3 1.9 ± 0.1 
25,000 21.0 ± 1.3 14.5 ± 1.5 18.3 ± 2.1 
 
5.9 ± 0.1 
 
31.7 ± 1.5 1.9 ± 0.1 





         Interactions P 




















         Sorghum 15 21 25 
     
FOCS (wt%) 
        
2 17.5 ± 1.2 16.1 ± 0.9 18.4 ± 1.1  
 
5.3 ± 0.1  
   
4 16.8 ± 1.2 14.9 ± 1.2 17.3 ± 1.1 
 
5.3 ± 0.1 
   
8 20.0 ± 0.8 19.3 ± 0.9 24.3 ± 0.8 
 
5.4 ± 0.1 
   
P 0.034 0.011 < 0.001 
 
0.116 
   
         CCS (wt%) 
        
12 20.0 ± 1.2 16.7 ± 1.1 19.4 ± 1.2 
 
5.1 ± 0.1 
   
25 17.9 ± 1.1 17.8 ± 1.1 21.1 ± 1.1 
 
5.3 ± 0.1 
   
50 17.1 ± 1.0 16.0 ± 1.0 19.8 ± 1.3 
 
5.5 ± 0.1 
   
P 0.484 0.618 0.454 
 
0.027 
   
         P dose (g kg-1) 
        
2 19.8 ± 0.8 18.9 ± 0.8 22.0 ± 0.8 
 
4.9 ± 0.1 
   
25,000 16.6 ± 0.9  15.5 ± 0.8 18.4 ± 1.0 
 
5.7 ± 0.1 
   
P 0.015 < 0.001 0.001 
 
< 0.001 
   
         Interactions P 
FOCS × CCS 0.017 0.182 0.090 
 
0.391 
   FOCS × P 0.725 0.210 0.010 
 
0.257 
   
CCS × P 0.238 0.362 0.182 
 
0.505 
   
FOCS × CCS × P 0.902 0.682 0.819 
 
0.039 















Table 1A.3 Preliminary experiment: mineral element concentration (mean ± standard error) in chickpea, lupin and 






P K Ca Mg 
 
Fe Mn Cu Zn 
(wt %) 
 










1.4 ± 0.2 21 ± 1 41 ± 2 4.8 ± 0.1 
 





1.5 ± 0.1 16 ± 4 47 ± 3 5.4 ± 0.2 
 





2.2 ± 0.1 20 ± 3 56 ± 1 5.8 ± 0.3 
 





1.5 ± 0.1 21 ± 1 23 ± 2 4.2 ± 0.1 
 





1.8 ± 0.1 20 ± 3 20 ± 1 3.7 ± 0.2 
 





2.0 ± 0.0 26 ± 0 24 ± 2 3.9 ± 0.2 
 
101 ± 1 8 ± 1 11.4 ± 0.4 36 ± 2 
P 
 
< 0.001 0.191 < 0.001 < 0.001 
 
0.368 0.514 0.281 0.009 
      Lupin 




1.7 ± 0.2 30 ± 4 20 ± 1 4.8 ± 0.1 
 





2.1 ± 0.0 25 ± 4 19 ± 1 4.6 ± 0.1 
 





4.0 ± 0.0 23 ± 2 18 ± 2 3.9 ± 0.4 
 





1.4 ± 0.0 24 ± 4 14 ± 1 3.7 ± 0.2 
 





2.6 ± 0.0 17 ± 3 11 ± 0 3.6 ± 0.2 
 





2.8 ± 0.0 27 ± 5 12 ± 1 3.6 ± 0.0 
 
63 ± 2 327 ± 50 4.5 ± 0.5 25 ± 1 
P 
 
0.001 0.334 < 0.001 < 0.001 
 
< 0.001 0.350 0.181 0.312 
      Peanut 




1.9 ± 0.1 28 ± 2 37 ± 1 3.4 ± 0.2 
 





2.3 ± 0.1 26 ± 2 37 ± 1 3.2 ±0.1 
 





3.3 ± 0.2 27 ± 1 36 ± 1 3.5 ± 0.1 
 





2.3 ± 0.2 29 ± 2 34 ± 1 3.1 ± 0.1 
 





2.7 ± 0.2 18 ± 1 31 ± 1 3.2 ± 0.1 
 





3.0 ± 0.0 26 ± 2 32 ± 1 3.2 ± 0.2 
 
48 ± 3 11 ± 1 9.0 ± 0.8 30 ± 5 
P 
 
< 0.001 0.303 < 0.001 0.515 
 





Table 1A.4 Factorial experiment: mineral element concentration (mean ± standard error) in lupin and 
sorghum as a function of the proportions of Fe oxide-coated sand (FOCS), calcium carbonate sand 
(CCS) and P dose in the substrate. 
 
P K Ca Mg 
 









2 2.2 ± 0.1 18 ± 2 22 ± 1 4.8 ± 0.1 
 
31 ± 1 478 ± 74 7.7 ± 0.3 22  ± 1 
4 2.1 ± 0.1 17 ± 1 21 ± 1 4.8 ± 0.1 
 
30 ± 1 425 ± 44 7.5 ± 0.3 20  ± 1 
8 1.9 ± 0.1 17 ± 1 19 ± 1 4.3 ± 0.1 
 
33 ± 2 392 ± 48 7.2 ± 0.3 18  ± 1 
P 0.002 0.882 0.005 0.028 
 
0.172 0.562 0.300 0.034 
                    CCS (wt%) 
         
12 1.9 ± 0.1 17 ± 2 18 ± 1 4.3 ± 0.1 
 
36 ± 1 393 ± 42 7.0 ± 0.2 18  ± 1 
25 2.1 ± 0.1 19 ± 2 21 ± 1 4.8 ± 0.1 
 
31 ± 1 371 ± 44 7.8 ± 0.4 21  ± 1 
50 2.3 ± 0.1 17 ± 1 23 ± 1 4.7 ± 0.1 
 
26 ± 1 532 ± 79 7.6 ± 0.2 21  ± 1 
P 0.005 0.642 0.000 0.027 
 
0.000 0.125 0.050 0.024 
          P dose (µg pot -1) 
         
2 1.9 ± 0.1 18 ± 1 19 ± 1 4.6  ± 0.1 
 
31 ± 1 385 ± 34 8.4 ± 0.2 23  ± 1 
25,000 2.1 ± 0.1 17 ± 1 21 ± 1 4.7 ± 0.1 
 
31 ± 1 478 ± 58 6.5 ± 0.1 17  ± 1 
P-value 0.000 0.471 0.007 0.410 
 
0.760 0.169 0.000 0.000 
                      Sorghum 
 
FOCS (wt%) 
         
2 1.4 ± 0.2 31 ± 2 10 ± 0 8.8 ± 0.4 
 
62 ± 3 54 ± 2 13.5 ± 0.6 60  ± 3 
4 1.6 ± 0.2 37 ± 2 11 ± 1 8.7 ± 0.4 
 
70 ± 5 51 ± 3 14.4 ± 0.4 67  ± 5 
8 1.6 ± 0.2 34 ± 1 10 ± 1 8.1 ± 0.3 
 
75 ± 3 45 ± 2 13.9 ± 0.3 55  ± 3 
P 0.356 0.067 0.431 0.210 
 
0.061 0.008 0.396 0.044 
          CCS (wt%) 
         12 1.3 ± 0.1 37 ± 2 11 ± 1 8.6 ± 0.4 
 
76 ± 4 56 ± 3 14.8 ± 0.4 66  ± 4 
25 1.4 ± 0.2 34 ± 2 10 ± 0 8.0 ± 0.3 
 
69 ± 3 51 ± 2 13.0 ± 0.4 62  ± 3 
50 1.9 ± 0.3 31 ± 1 10 ± 0 9.1 ± 0.4 
 
62 ± 4 43 ± 3 14.1 ± 0.5 53  ± 3 
P 0.000 0.114 0.107 0.034 
 
0.038 0.000 0.009 0.028 
          P dose (µg pot -1) 
         2 0.8 ± 0.0 33 ± 1 12 ± 0 7.5 ± 0.2 
 
76 ± 3 51 ± 2 13.0 ± 0.4 67  ± 2 
25,000 2.3 ± 0.1 35 ± 2 10 ± 0 9.6 ± 0.2 
 
62 ± 3 49 ± 3 15.0 ± 0.3 54  ± 3 
P 0.000 0.422 0.001 0.000 
 




























Figure 1A.2 Preliminary experiment: different degrees of iron chlorosis in leaflets of lupin (left) and peanut 
(right) grown on artificial substrates consisting of a mixture of Fe oxide coated sand (10 wt%), calcium 
carbonate sand (40 wt%) and quartz sand (50 wt%) to which phosphate was added at 2 µg (a), 275 µg (b) and 





Figure 1A.3 Preliminary experiment: time course of SPAD (mean ± standard error, four replicates per 
treatment) for chickpea, lupin and peanut grown on artificial substrates consisting of a mixture of Fe oxide 
coated sand, calcium carbonate sand and quartz sand to which phosphate was added at 2 µg (a), 275 µg (b) 






Figure 1A.4 Preliminary experiment: height and dry weight (mean ± standard error, four replicates per 
treatment) for chickpea, lupin and peanut grown on artificial substrates consisting of a mixture of Fe oxide 
coated sand (FOCS), calcium carbonate sand (CCS) and quartz sand to which phosphate was added at 


























Figure 1A.5 Preliminary experiment (a): different degrees of iron chlorosis in leaflets of peanut grown on 
artificial substrates consisting of mixtures of Fe oxide coated sand (FOCS), calcium carbonate sand (CCS) and 
quartz sand to which phosphate was added at 2 µg (column 1), 275 (column 2) and 2,500 µg (column 3) per 
pot. No iron chlorosis symptoms were observed for peanut grown on the FOCS-rich substrate (top) in contrast 
with peanut grown on the FOCS-poor substrate (bottom). Factorial experiment (b) y (c): different degrees of 
iron chlorosis in leaves of peanut and sorghum grown on artificial substrates consisting of mixtures of Fe oxide 





















Table 2A.1 Experiment 1: time course and mean value of SPAD (mean ± standard error, four replicates per treatment) for lupin and 




        
   
Lupin 
    
Sorghum 
   
   
10 17 20 Mean 
 
17 24 31 Mean 
1 ─P 
 
47.3 ± 1.6 15.8 ± 0.9 16.3 ± 1.8 26.5 ± 0.5 
 




48.4 ± 3.6 14.2 ± 3.8 10.3 ± 2.4 24.3 ± 3.2 
 
29.6 ± 0.5 35.5 ± 0.8 36.3 ± 0.7 33.8 ± 0.6 
  
P 0.791 0.694 0.091 0.529 
 
0.075 0.096 0.304 0.527 
            2 ─P 
 
43.9 ± 1.5 13.9 ± 0.7 10.9 ± 0.3 22.9 ± 0.5 
 




43.3 ± 1.8 12.5 ± 1.4 8.8 ± 0.5 21.5 ± 1.2 
 
30.3 ± 1.9 34.2 ± 2.0 33.4 ± 2.5 32.7 ± 2.1 
  
P 0.800 0.408 0.014 0.330 
 
0.431 0.985 0.589 0.647 
            3 ─P 
 
40.9 ± 1.1 11.0 ± 0.3 7.8 ± 1.0 19.9 ± 0.7 
 




43.2 ± 3.7 13.1 ± 3.9 6.8 ± 1.5 21.0 ± 1.8 
 
34.5 ± 1.8 37.9 ± 0.7 35.8 ± 1.4 36.1 ± 1.2 
  
P 0.518 0.600 0.581 0.574 
 
0.470 0.000 0.037 0.028 
            4 ─P 
 
48.6 ± 2.7 14.9 ± 2.3 11.8 ± 2.4 26.4 ± 1.9 
 




46.3 ± 2.0 14.3 ± 1.6 10.8 ± 1.3 23.8 ± 1.6 
 
31.2 ± 0.7 32.9 ± 0.8 28.7 ± 2.6 30.9 ± 0.4 
  
P 0.510 0.853 0.711 0.331 
 
0.664 0.000 0.872 0.306 
            5 ─P 
 
52.0 ± 2.8 14.7 ± 0.6 9.4 ± 0.2 25.4 ± 1.2 
 




41.8 ± 2.8 8.3 ± 1.7 5.0 ± 0.6 18.4 ± 1.5 
 
28.5 ± 0.3 31.7 ± 1.3 33.5 ± 1.0 31.2 ± 0.5 
  
P 0.054 0.009 0.000 0.013 
 
0.037 0.1428 0.549 0.321 
            6 ─P 
 
43.8 ± 3.0 12.7 ± 1.4 7.3 ± 1.3 27.9 ± 7.5 
 




40.7 ± 1.9 11.4 ± 1.8 8.0 ± 2.8 20.0 ± 1.8 
 
30.7 ± 2.3 33.1 ± 2.3 31.2 ± 1.4 31.7 ± 1.6 
  
P 0.423 0.619 0.840 0.346 
 
0.922 0.918 0.674 0.891 
            7 ─P 
 
53.8 ± 1.3 16.2 ± 2.4 11.2 ± 1.1 27.1 ± 1.6 
 




43.8 ± 1.3 13.0 ± 0.8 8.4 ± 0.4 21.7 ± 0.7 
 
28.6 ± 0.7 10.4 ± 1.4 14.3 ± 2.1 22.7 ± 1.8 
  
P 0.003 0.330 0.092 0.039 
 
0.059 0.097 0.0144 0.998 
            8 ─P 
 
48.7 ± 2.9 14.8 ± 0.9 10.7 ± 0.7 24.7 ± 1.4 
 




39.0 ± 2.3 8.5 ± 0.92 5.0 ± 1.1 17.5 ± 1.4 
 
32.4 ± 0.7 31.0 ± 2.3 34.0 ± 0.7 32.5 ± 1.0 
  
P 0.040 0.003 0.004 0.011 
 
0.723 0.048 0.0833 0.255 
            9 ─P 
 
41.5 ± 4.1 12.9 ± 2.1 8.2 ± 1.3 20.9 ± 2.4 
 




47.0 ± 2.3 15.8 ± 2.0 10.7 ± 1.8 24.5 ± 1.7 
 
32.4 ± 1.0 36.2 ± 2.0 37.6 ± 1.4 35.8 ± 1.0 
  
P 0.288 0.368 0.310 0.267 
 
0.459 0.180 0.234 0.114 
            10 ─P 
 
44.9 ± 4.3 14.9 ± 3.2 10.7 ± 1.3 20.7 ± 3.4 
 




48.3 ± 2.4 14.2 ± 2.1 9.5 ± 1.4 24.0 ± 2.0 
 
34.2 ± 0.8 35.9 ± 1.2 26.5 ± 1.4 32.2 ± 0.5 
  
P 0.504 0.864 0.550 0.422 
 
0.403 0.105 0.043 0.849 
            11 ─P 
 
44.8 ± 2.6 13.4 ± 1.2 8.8 ± 0.4 22.3 ± 1.3 
 




42.8 ± 5.1 11.6 ± 3.3 8.5 ± 2.6 20.9 ± 3.6 
 
32.0 ± 0.3 33.5 ± 3.8 34.2 ± 0.8 33.3 ± 0.9 
  
P 0.735 0.630 0.905 0.734 
 
0.685 0.486 0.978 0.757 
            12 ─P 
 
47.2 ± 4.0 12.8 ± 2.2 8.9 ±1.3 23.0 ± 2.4 
 




47.3 ± 1.6 12.7 ± 1.7 9.8 ± 1.3 24.4 ± 1.4 
 
32.1 ± 1.7 30.7 ± 1.4 27.4 ± 1.8 29.6 ± 0.4 
  
P 0.984 0.970 0.658 0.628 
 
0.887 0.811 0.239 0.101 
 
             13 ─P 
 
59.1 ± 5.5 19.6 ± 2.3 15.7 ± 1.7 35.7 ± 2.8 
 





61.7 ± 3.8 19.9 ± 0.7 17.3 ± 1.9 34.0 ± 0.9 
 
32.7 ± 1.4 32.8 ± 1.1 28.6 ± 1.6 30.6 ± 0.6 
 
  
P 0.711 0.900 0.591 0.573 
 
0.011 0.403 0.404 0.127 
 
             14 ─P 
 
57.7 ± 2.0 22.6 ± 2.4 16.6 ± 2.7 30.4 ± 1.8 
 





52.1 ± 2.7 12.7 ± 2.9 8.6 ± 2.0 24.5 ± 2.3 
 
29.5 ± 1.9 30.4 ± 6.7 30.9 ± 1.9 30.5 ± 3.5 
 
  
P 0.184 0.055 0.052 0.089 
 
0.023 0.551 0.837 0.740 
 
             15 ─P 
 
51.4 ± 1.0 17.2 ± 3.1 11.1 ± 1.8 27.7 ± 1.9 
 





49.8 ± 2.4 14.3 ± 1.4 9.1 ± 0.9 24.4 ± 1.5 
 
30.3 ± 1.1 31.5 ± 1.2 26.2 ± 2.6 33.7 ± 0.7 
 
  
P 0.558 0.386 0.358 0.217 
 
0.122 0.039 0.086 0.008 
 
             16 ─P 
 
42.0 ± 2.9 11.4 ± 2.4 6.8 ± 1.3 20.1 ± 1.9 
 





45.7 ± 3.6 12.2 ± 1.4 6.1 ± 0.6 21.3 ± 1.8 
 
29.4 ± 1.5 32.2 ± 1.5 27.5 ± 1.4 29.7 ± 1.3 
 
  
P 0.450 0.772 0.635 0.635 
 
0.0219 0.612 0.037 0.072 
 
             17 ─P 
 
45.6 ± 2.8 11.8 ± 1.8 12.6 ± 2.2 23.3 ± 2.2 
 





46.4 ± 1.7 13.3 ± 0.4 8.8 ± 0.5 22.8 ± 0.6 
 
30.7 ± 1.4 32.7 ± 1.3 31.4 ± 1.2 31.6 ± 1.2 
 
  
P 0.797 0.447 0.139 0.844 
 
0.417 0.078 0.753 0.551 
 
             18 ─P 
 
50.9 ± 4.2 24.6 ± 4.5 26.1 ± 5.0 37.4 ± 4.7 
 





44.1 ± 2.2 14.6 ± 2.1 16.0 ± 3.4 23.9 ± 1.7 
 
33.1 ± 0.5 37.5 ± 0.9 34.6 ± 1.0 35.1 ± 0.8 
 
  
P 0.254 0.114 0.140 0.035 
 
0.565 0.000 0.527 0.024 
 
             19 ─P 
 
39.5 ± 3.2 12.1 ± 0.8 7.6 ± 1.1 19.7 ± 1.7 
 





46.6 ± 2.5 12.1 ± 1.4 8.5 ± 1.1 22.4 ± 1.4 
 
29.4 ± 0.1 24.8 ± 0.1 21.9 ± 1.3 25.7 ± 0.5 
 
  
P 0.132 0.988 0.574 0.265 
 
0.013 0.006 0.024 0.038 
 
             20 ─P 
 
47.2 ± 2.6 11.2 ± 1.3 7.1 ± 0.5 21.8 ± 1.3 
 





40.3 ± 1.5 11.3 ± 0.6 8.7 ± 1.6 20.2 ±1.1 
 
30.5 ± 1.8 31.3 ± 3.2 28.8 ± 4.4 30.2 ± 4.1 
 
  
P 0.063 0.722 0.369 0.379 
 
0.727 0.248 0.542 0.478 
 
             21 ─P 
 
43.8 ± 4.7 12.8 ± 2.4 9.7 ± 1.3 22.1 ± 2.8 
 





39.4 ± 1.5 8.9 ± 1.4 5.4 ± 0.9 17.9 ± 1.3 
 
28.5 ± 1.3 29.9 ± 0.9 25.4 ± 1.0 27.9 ± 0.6 
 
  
P 0.416 0.205 0.037 0.221 
 
0.894 0.413 0.110 0.692 
 
             22 ─P 
 
42.2 ± 2.0 10.8 ± 1.5 7.0 ± 0.3 20.0 ± 1.2 
 





42.1 ± 5.6 10.6 ± 1.7 8.2 ± 1.5 17.5 ± 3.7 
 
31.4 ± 5.0 31.1 ± 1.6 20.4 ± 2.2 30.1 ± 6.5 
 
  
P 0.990 0.946 0.535 0.610 
 
0.238 0.119 0.063 0.192 
 
             23 ─P 
 
44.3 ± 2.8 14.8 ± 3.1 8.4 ± 2.4 21.3 ± 1.9 
 





50.2  ± 2.7 15.1 ± 1.9 9.9 ± 1.4 26.8 ± 3.1 
 
29.2 ± 1.7 32.0 ± 2.0 27.5 ± 2.6 30.5 ± 2.2 
 
  
P 0.197 0.931 0.598 0.179 
 
0.908 0.644 0.100 0.558 
 
             24 ─P 
 
46.2 ± 5.0 12.2 ± 2.9 8.6 ± 2.4 22.3 ± 3.4 
 





42.7 ± 4.8 11.5 ± 3.0 7.1 ± 1.5 20.5 ± 3.0 
 
23.3 ± 0.5 30.4 ± 3.5 28.4 ± 0.3 30.6 ± 0.1 
 
  
P 0.633 0.875 0.628 0.694 
 




Table 2A.2 Experiment 1: last leaf SPAD (leaflet or leaf SPAD), leaf chlorophyll per unit surface and per unit weight, last  leaflet area 
(leaflet area) at harvest (mean ± standard error, four replicates per treatment) for lupin and sorghum grown on 24 calcareous soils fertilized 




       
Sorghum 
    




















                1 ─P  
16.1 ± 2.6 
 
8.7 ± 1.3 
 
420.3 ± 75.6 
 
1.3 ± 0.1 
 
29.9 ± 2.5 
 
7.4 ± 0.9 
 




7.9 ± 3.0 
 
4.8 ± 1.7 
 
239.8 ± 83.1 
 
1.5 ± 0.2 
 
32.5 ± 2.4 
 
8.9 ± 1.3 
 















                2 ─P  
10.7 ± 2.1 
 
4.6 ± 0.6 
 
215.0 ± 24.3 
 
1.3 ± 0.1 
 
34.7 ± 3.6 
 
9.6 ± 1.4 
 




6.6 ± 0.5 
 
3.1 ± 0.3 
 
142.2 ± 17.0 
 
1.3 ± 0.0 
 
32.1 ± 1.4 
 
8.2 ± 0.7 
 















                3 ─P  
7.4 ± 1.1 
 
3.0 ± 0.4 
 
145.4 ± 20.6 
 
1.3 ± 0.1 
 
22.8 ± 2.4 
 
5.5 ± 0.6 
 




7.3 ± 1.5 
 
3.5 ± 0.9 
 
165.1 ± 41.3 
 
1.3 ± 0.2 
 
32.6 ± 1.9 
 
8.1 ± 0.5 
 















                4 ─P  
8.7 ± 1.8 
 
4.2 ± 0.8 
 
183.8 ± 32.9 
 
1.4 ± 0.1 
 
26.3 ± 3.1 
 
6.6 ± 1.2 
 




9.5 ± 1.7 
 
3.7 ± 0.8 
 
176.9 ± 42.1 
 
1.4 ± 0.1 
 
28.6 ± 2.8 
 
6.3 ± 0.8 
 















                5 ─P  
9.1 ± 0.8 
 
3.8 ± 0.3 
 
184.2 ± 16.9 
 
1.8 ± 0.1 
 
28.9 ± 2.0 
 
6.9 ± 0.7 
 




3.2 ± 1.6 
 
2.0 ± 0.3 
 
117.9 ± 29.0 
 
1.2 ± 0.1 
 
32.2 ± 4.1 
 
8.1 ± 0.9 
 















                6 ─P  
8.9 ± 2.1 
 
3.6 ± 0.8 
 
170.2 ± 55.5 
 
1.3 ± 0.2 
 
27.4 ± 3.7 
 
6.4 ± 0.9 
 




6.5 ± 1.4 
 
2.5 ± 0.5 
 
116.6 ± 28.2 
 
1.2 ± 0.1 
 
30.9 ± 4.0 
 
7.2 ± 1.1 
 















                7 ─P  
10.3 ± 1.8 
 
4.7 ± 0.7 
 
208.0 ± 35.4 
 
1.5 ± 0.2 
 
19.5 ± 0.3 
 
4.0 ± 0.3 
 




8.1 ± 0.7 
 
3.6 ± 0.1 
 
150.0 ± 12.4 
 
1.6 ± 0.2 
 
9.3 ± 2.2 
 
1.7 ± 0.4 
 















                8 ─P  
5.2 ± 1.1 
 
2.4 ± 0.4 
 
116.3 ± 14.5 
 
1.5 ± 0.1 
 
30.1 ± 1.4 
 
7.6 ± 0.5 
 




3.9 ± 1.4 
 
1.9 ± 0.4 
 
83.4 ± 15.0 
 
1.3 ± 0.1 
 
33.5 ± 0.7 
 
8.3 ± 0.4 
 















                9 ─P  
7.9 ± 2.5 
 
2.9 ± 0.8 
 
122.2 ± 34.2 
 
1.3 ± 0.2 
 
33.1 ± 1.7 
 
9.1 ± 0.6 
 




9.1 ± 1.5 
 
2.7 ± 0.5 
 
118.4 ± 18.7 
 
1.8 ± 0.1 
 
36.2 ± 1.2 
 
10.0 ± 1.0 
 















                10 ─P  
8.8 ± 1.4 
 
3.1 ± 0.4 
 
143.2 ± 16.0 
 
1.5 ± 0.2 
 
30.4 ± 1.0 
 
5.5 ± 0.7 
 




8.9 ± 1.7 
 
3.6 ± 0.6 
 
163.9 ± 32.7 
 
1.8 ± 0.1 
 
23.5 ± 1.1 
 
6.0 ± 1.3 
 















                11 ─P  
9.1 ± 1.5 
 
3.9 ± 0.6 
 
181.4 ± 30.2 
 
1.6 ± 0.2 
 
31.5 ± 0.7 
 
7.8 ± 0.4 
 




7.4 ± 1.7 
 
3.0 ± 0.8 
 
144.6 ± 40.8 
 
1.4 ± 0.2 
 
32.7 ± 3.4 
 
6.9 ± 1.1 
 















                12 ─P  
8.2 ± 1.1 
 
3.3 ± 0.4 
 
151.2 ± 18.2 
 
1.6 ± 0.2 
 
30.6  ± 3.1 
 
5.9 ± 2.1 
 




6.4 ± 1.0 
 
2.7 ± 0.6 
 
129.3 ± 28.6 
 
1.2 ± 0.1 
 
30.6 ± 2.4 
 
6.7 ± 1.1 
 















                13 ─P  
11.1 ± 1.8 
 
5.6 ± 1.3 
 
287.3 ± 65.6 
 
1.1 ± 0.1 
 
25.5  ± 0.9 
 
9.9 ± 0.8 
 




16.9 ± 2.0 
 
7.5 ± 0.8 
 
385.2 ± 56.5 
 
1.2 ± 0.1 
 
28.6 ± 0.3 
 
9.8 ± 0.8 
 















                14 ─P  
14.9 ± 1.1 
 
6.4 ± 1.0 
 
310.3 ± 48.0 
 
1.4 ± 0.1 
 
29.2 ± 2.1 
 
9.9 ± 1.0 
 




8.7 ± 3.3 
 
4.0 ± 1.3 
 
191.4 ± 61.8 
 
1.5 ± 0.2 
 
33.1 ± 2.2 
 
13.5 ± 0.1 
 















                15 ─P  
12.2 ± 2.0 
 
5.1 ± 0.8 
 
252.3 ± 38.7 
 
1.4 ± 0.1 
 
28.1 ± 3.0 
 
7.8 ± 1.2 
 




6.6 ± 1.0 
 
3.0 ± 0.4 
 
166.8 ± 27.1 
 
1.8 ± 0.3 
 
25.8 ± 3.2 
 
6.6 ± 1.2 
 















                16 ─P  
4.5 ± 0.7 
 
2.4 ± 0.4 
 
100.5 ± 23.7 
 
1.3 ± 0.0 
 
31.5 ± 1.1 
 
9.4 ± 0.3 
 




6.8 ± 1.4 
 
3.0 ± 1.6 
 
140.4 ± 87.1 
 
1.7 ± 0.2 
 
26.6 ± 1.5 
 
6.6 ± 0.4 
 















                17 ─P  
13.0 ± 3.2 
 
6.8 ± 1.4 
 
339.8 ± 75.3 
 
1.4 ± 0.1 
 
27.4 ± 2.4 
 
6.3 ± 1.1 
 




7.8 ± 1.1 
 
3.0 ± 0.3 
 
152.0 ± 12.4 
 
1.5 ± 0.1 
 
25.5 ± 1.9 
 
6.2 ± 0.5 
 















                18 ─P  
23.3 ± 4.6 
 
13.7 ± 3.5 
 
686.4 ± 173.8 
 
1.5 ± 0.1 
 
26.4 ± 1.9 
 
6.1 ± 0.4 
 




16.6 ± 2.8 
 
7.3 ± 1.3 
 
360.8 ± 73.4 
 
1.3 ± 0.1 
 
31.2 ± 1.9 
 
8.1 ± 0.7 
 















                19 ─P  
7.2 ± 0.9 
 
3.2 ± 0.3 
 
143.5 ± 14.0 
 
1.5 ± 0.2 
 
20.9 ± 2.3 
 
4.7 ± 0.7 
 




7.2 ± 2.0 
 
2.7 ± 0.6 
 
135.1 ± 26.3 
 




3.3 ± 0.3 
 















                20 ─P  
7.9 ± 1.2 
 
2.9 ± 0.3 
 
139.9 ± 16.5 
 
1.7 ± 0.2 
 
24.0 ± 2.5 
 
6.3 ± 0.7 
 




5.8 ± 0.1 
 
2.0 ± 0.2 
 
104.9 ± 10.4 
 
1.4 ± 0.1 
 
22.1 ± 4.7 
 
6.2 ± 1.8 
 















                21 ─P  
6.9 ± 1.7 
 
3.4 ± 0.5 
 
143.6 ± 24.9 
 
1.5 ± 0.3 
 
20.4 ± 1.6 
 
4.2 ± 0.4 
 






2.3 ± 0.3 
 
91.4 ± 14.6 
 
1.5 ± 0.1 
 
20.4 ± 2.3 
 
4.7 ± 0.6 
 















                22 ─P  
8.4 ± 2.7 
 
3.6 ± 0.8 
 
172.0 ± 44.9 
 
1.3 ± 0.1 
 
27.0 ± 1.2 
 
6.9 ± 0.8 
 




5.8 ± 0.5 
 
2.3 ± 0.2 
 
117.3 ± 14.6 
 
1.1 ± 0.1 
 
21.2 ± 3.8 
 
4.9 ± 1.0 
 















                23 ─P  
6.9 ± 2.4 
 
3.7 ± 0.8 
 
166.6 ± 41.2 
 
1.3 ± 0.1 
 
28.9 ± 2.4 
 
7.4 ± 1.2 
 




4.6 ± 1.1 
 
3.5 ± 0.4 
 
191.2  ± 28.0 
 
1.3 ± 0.1 
 
30.3 ± 2.0 
 
7.8 ± 0.9 
 















                24 ─P  
5.8 ± 1.1 
 
3.7 ± 0.5 
 
182.4 ± 19.2 
 
1.3 ± 0.1 
 
31.9 ± 1.8 
 
8.2 ± 0.7 
 




2.6 ± 1.3 
 
3.1 ± 0.2 
 
176.1 ± 18.6 
 
1.4 ± 0.1 
 
31.0 ± 0.2 
 
7.0 ± 1.1 
 


















Table 2A.3 Experiment 1: time course of height and dry weight at harvest (DW) (mean ± standard error, four replicates per treatment) for 
lupin and sorghum grown on 24 calcareous soils fertilized with two P doses, 0 and 100 mg P kg−1 soil.  
 Soil Treat. 
 
Lupin 
       
Sorghum 
       
   




Height at different DAT (cm) 
 
DW (g) 













                    
1 ─P 
 
10.5 ± 0.6 
 
11.4 ± 0.4 
 
12.0 ± 0.4 
 
0.27 ± 0.03 
 
17.9 ± 3.3 
 
23.3 ± 2.6 
 
29.7 ± 2.3 
 





10.5 ± 0.3 
 
11.4 ± 0.3 
 
12.1 ± 0.3 
 
0.24 ± 0.01 
 
14.2 ± 1.4 
 
24.3 ± 2.0 
 
34.9 ± 2.0 
 


















                    
2 ─P 
 
11.1 ± 0.3 
 
12.5 ± 0.4 
 
13.3 ± 0.2 
 
0.32 ± 0.02 
 
15.8 ± 0.8 
 
24.8 ± 0.5 
 
33.2 ± 0.1 
 





9.7 ± 0.3 
 
11.4 ± 0.3 
 
11.5 ± 0.3 
 
0.25 ± 0.01 
 
14.4 ± 3.6 
 
22.6 ± 3.9 
 
32.0 ± 4.2 
 


















                    
3 ─P 
 
10.9 ± 0.5 
 
11.6 ± 0.4 
 
11.8 ± 0.3 
 
0.25 ± 0.02 
 
18.8 ± 1.7 
 
24.1 ± 0.9 
 
30.0 ± 0.1 
 





10.0 ± 0.4 
 
11.2 ± 0.6 
 
11.1 ± 0.5 
 
0.24 ± 0.02 
 
21.5 ± 2.6 
 
30.8 ± 1.7 
 
40.4 ± 1.7 
 


















                    
4 ─P 
 
9.1 ± 0.7 
 
10.4 ± 0.6 
 
11.1 ± 0.9 
 
0.24 ± 0.02 
 
13.1 ± 3.2 
 
18.3 ± 2.6 
 
23.8 ± 2.1 
 





11.1 ± 0.8 
 
12.3 ± 0.9 
 
12.5 ± 0.9 
 
0.26 ± 0.01 
 
8.5 ± 1.7 
 
15.8 ± 2.6 
 
25.4 ± 2.7 
 


















                    
5 ─P 
 
10.4 ± 0.1 
 
11.8 ± 0.2 
 
12.3 ± 0.3 
 
0.28 ± 0.01 
 
9.1 ± 1.8 
 
17.6 ± 0.6 
 
20.0 ± 3.6 
 





9.1 ± 1.2 
 
11.2 ± 0.6 
 
11.5 ± 0.7 
 
0.23 ± 0.02 
 
12.9 ± 2.4 
 
20.0 ± 1.8 
 
31.3 ± 0.8 
 


















                    
6 ─P 
 
10.3 ± 0.5 
 
11.4 ± 0.5 
 
11.8 ± 0.4 
 
0.28 ± 0.03 
 
8.5 ± 2.5 
 
19.0 ± 3.1 
 
28.9 ± 3.5 
 





10.2 ± 0.5 
 
11.1 ± 0.3 
 
11.3 ± 0.4 
 
0.23 ± 0.01 
 
9.7 ± 2.3 
 
18.2 ± 3.1 
 
27.0 ± 2.8 
 


















                    
7 ─P 
 
9.6 ± 0.5 
 
11.0 ± 0.6 
 
11.3 ± 0.6 
 
0.23 ± 0.03 
 
21.0 ± 0.6 
 
23.9 ± 0.8 
 
29.1 ± 1.8 
 





8.8 ± 1.2 
 
11.5 ± 0.4 
 
11.8 ± 0.2 
 
0.23 ± 0.02 
 
16.0 ± 2.7 
 
24.2 ± 2.3 
 
31.5 ± 1.9 
 


















                    
8 ─P 
 
10.6 ± 0.4 
 
12.4 ± 0.2 
 
12.5 ± 0.3 
 
0.31 ± 0.01 
 
18.6 ± 3.0 
 
27.1 ± 3.4 
 
37.4 ± 3.2 
 





10.3 ± 0.3 
 
11.8 ± 0.3 
 
12.1 ± 0.2 
 
0.25 ± 0.01 
 
15.7 ± 3.1 
 
24.7 ± 3.1 
 
34.5 ± 2.9 
 


















                    
9 ─P 
 
10.8 ± 0.5 
 
12.5 ± 0.9 
 
12.7 ± 0.6 
 
0.24 ± 0.01 
 
19.7 ± 2.4 
 
27.9 ± 2.0 
 
35.3 ± 2.5 
 





9.7 ± 0.8 
 
12.2 ± 0.4 
 
13.0 ± 0.4 
 
0.30 ± 0.00 
 
22.5 ± 1.2 
 
31.2 ± 1.5 
 
41.6 ± 1.2 
 


















                    
10 ─P 
 
9.0 ± 1.1 
 
11.2 ± 0.8 
 
12.1 ± 0.5 
 
0.29 ± 0.03 
 
18.8 ± 3.1 
 
25.1 ± 3.6 
 
32.5 ± 3.8 
 





10.0 ± 0.4 
 
12.2 ± 0.3 
 
12.5 ± 0.5 
 
0.29 ± 0.01 
 
22.4 ± 1.9 
 
30.6 ± 2.1 
 
38.8 ± 1.5 
 


















                    
11 ─P 
 
10.4 ± 0.4 
 
11.4 ± 0.5 
 
11.6 ± 0.6 
 
0.24 ± 0.03 
 
11.8 ± 2.5 
 
16.9 ± 2.9 
 
25.1 ± 2.7 
 





10.4 ± 0.3 
 
11.6 ± 0.4 
 
11.6 ± 0.3 
 
0.24 ± 0.02 
 
10.2 ± 3.1 
 
23.8 ± 1.5 
 
28.0 ± 5.0 
 


















                    
12 ─P 
 
9.5 ± 0.5 
 
10.9 ± 0.5 
 
11.3 ± 0.3 
 
0.24 ± 0.02 
 
11.5 ± 2.4 
 
17.6 ± 2.1 
 
24.2 ± 1.8 
 





8.7 ± 0.3 
 
10.0 ± 0.2 
 
10.7 ± 0.2 
 
0.18 ± 0.02 
 
6.9 ± 2.2 
 
17.4 ± 2.4 
 
27.4 ± 2.9 
 


















                    
13 ─P 
 
7.8 ± 0.4 
 
9.4 ± 0.3 
 
9.9 ± 0.3 
 
0.19 ± 0.01 
 
7.6 ± 2.8 
 
13.6 ± 2.6 
 
17.8 ± 2.4 
 





7.3 ± 0.5 
 
8.3 ± 0.3 
 
8.5 ± 0.4 
 
0.18 ± 0.01 
 
8.5 ± 1.6 
 
16.7 ± 1.1 
 
20.6 ± 0.5 
 


















                    
14 ─P 
 
8.6 ± 0.5 
 
10.0 ± 0.1 
 
10.3 ± 0.7 
 
0.20 ± 0.02 
 
13.7 ± 2.0 
 
19.9 ± 1.3 
 
22.0 ± 1.7 
 





9.3 ± 0.3 
 
10.3 ± 0.2 
 
10.7 ± 0.2 
 
0.23 ± 0.02 
 
9.35 ± 1.4 
 
15.6 ± 2.5 
 
24.8 ± 4.0 
 


















                    
15 ─P 
 
10.1 ± 0.8 
 
11.0 ± 0.6 
 
11.4 ± 0.7 
 
0.24 ± 0.02 
 
14.1 ± 3.1 
 
23.3 ± 3.4 
 
31.6 ± 3.5 
 





10.7 ± 0.4 
 
11.5 ± 0.5 
 
11.8 ± 0.5 
 
0.26 ± 0.02 
 
14.3 ± 2.0 
 
24.0 ± 2.6 
 
33.2 ± 3.2 
 


















                    
16 ─P 
 
10.6 ± 0.7 
 
11.6 ± 0.6 
 
11.8 ± 0.5 
 
0.30 ± 0.02 
 
17.7 ± 1.5 
 
25.0 ± 1.5 
 
29.4 ± 1.5 
 





10.2 ± 0.2 
 
11.1 ± 0.5 
 
11.5 ± 0.7 
 
0.28 ± 0.02 
 
7.3 ± 1.8 
 
14.6 ± 2.2 
 
23.7 ± 2.2 
 


















                    
17 ─P 
 
9.8 ± 0.4 
 
10.9 ± 0.6 
 
11.1 ± 0.4 
 
0.26 ± 0.02 
 
11.9 ± 2.1 
 
17.3 ± 1.9 
 
23.6 ± 1.3 
 





9.3 ± 0.4 
 
10.0 ± 0.4 
 
10.7 ± 0.4 
 
0.24 ± 0.02 
 
11.6 ± 2.3 
 
20.1 ± 2.9 
 
29.9 ± 3.2 
 


















                    
18 ─P 
 
9.8 ± 0.6 
 
10.6 ± 0.7 
 
11.4 ± 0.8 
 
0.27 ± 0.03 
 
14.1 ± 1.2 
 
19.2 ± 1.3 
 
23.2 ± 0.9 
 





10.0 ± 0.7 
 
11.0 ± 0.2 
 
11.4 ± 0.1 
 
0.24 ± 0.02 
 
15.4 ± 2.5 
 
25.2 ± 3.1 
 
35.7 ± 3.0 
 


















                    
19 ─P 
 
10.2 ± 0.2 
 
11.3 ± 0.3 
 
11.9 ± 0.3 
 
0.27 ± 0.03 
 
11.0 ± 3.0 
 
16.2 ± 2.6 
 
21.6 ± 2.2 
 





10.6 ± 0.2 
 
11.9 ± 0.2 
 
12.2 ± 0.3 
 
0.26 ± 0.01 
 
6.8 ± 0.6 
 
14.8 ± 1.2 
 
22.5 ± 1.7 
 


















                    
20 ─P 
 
10.2 ± 0.4 
 
11.3 ± 0.6 
 
12.3 ± 0.5 
 
0.25 ± 0.02 
 
19.9 ± 1.7 
 
30.7 ± 1.5 
 
41.1 ± 1.6 
 





10.9 ± 0.2 
 
11.8 ± 0.3 
 
12.1 ± 0.3 
 
0.24 ± 0.02 
 
17.3 ± 3.6 
 
27.4 ± 3.7 
 
37.1 ± 3.3 
 


















                    
21 ─P 
 
10.6 ± 0.5 
 
12.2 ± 0.3 
 
12.6 ± 0.4 
 
0.28 ± 0.02 
 
8.6 ± 0.3 
 
15.4 ± 1.5 
 
23.3 ± 2.2 
 





10.7 ± 0.4 
 
11.8 ± 0.4 
 
12.2 ± 0.5 
 
0.28 ± 0.01 
 
17.8 ± 2.4 
 
27.7 ± 2.6 
 
36.5 ± 2.0 
 


















                    
22 ─P 
 
9.0 ± 0.4 
 
10.2 ± 0.9 
 
11.2 ± 0.7 
 
0.24 ± 0.02 
 
9.6 ± 2.0 
 
17.3 ± 2.5 
 
21.8 ± 2.9 
 





9.5 ± 0.9 
 
10.6 ± 0.4 
 
10.9 ± 0.4 
 
0.21 ± 0.00 
 
9.8 ± 3.5 
 
20.9 ± 5.7 
 
29.5 ± 6.6 
 


















                    
23 ─P 
 
9.1 ± 0.8 
 
10.6 ± 0.3 
 
11.6 ± 0.4 
 
0.26 ± 0.02 
 
9.9 ± 4.5 
 
26.5 ± 6.0 
 
36.9 ± 5.3 
 





9.9 ± 0.2 
 
11.7 ± 0.1 
 
12.2 ± 0.2 
 
0.27 ± 0.02 
 
13.4 ± 2.3 
 
22.4 ± 2.7 
 
33.3 ± 2.5 
 


















                    
24 ─P 
 
10.1 ± 0.3 
 
11.4 ± 0.3 
 
11.9 ± 0.4 
 
0.25 ± 0.02 
 
12.3 ± 3.6 
 
21.7 ± 4.0 
 
30.5 ± 3.6 
 





10.8 ± 0.5 
 
11.6 ± 0.4 
 
11.7 ± 0.4 
 
0.25 ± 0.01 
 
6.7 ± 2.3 
 
17.6 ± 3.8 
 
27.2 ± 4.6 
 




















     





Table 2A.4.1 Experiment 1: nutrient concentration in the aerial part at harvest (mean ± standard error, four replicates per treatment) for lupin 




















   
(g kg─1) 
       
(mg kg─1) 
      
                  1 ─P 
 
17.3 ± 2.4 
 
2.22 ± 0.22 
 
23.5 ± 1.6 
 
4.1 ± 0.4 
 
896 ± 89 
 
67  ± 10 
 
32 ± 2 
 




22.7 ± 0.8 
 
4.07 ± 0.10 
 
24.8 ± 1.1 
 
4.2 ± 0.3 
 
944 ± 226 
 
62 ± 6 
 
34 ± 2 
 





















2.37 ± 0.08 
 
21.9 ± 1.3 
 
4.7 ± 0.2 
 
730 ± 157 
 
53 ± 4 
 
35 ± 4 
 




27.8 ± 2.3 
 
4.25 ± 0.28 
 
23.6 ± 1.1 
 
4.6 ± 0.4 
 
763 ± 231 
 
78 ± 5 
 
30 ± 5 
 

















                  3 ─P 
 
16.5 ± 2.0 
 
2.60 ± 0.22 
 
28.5 ± 0.6 
 
5.3 ± 0.1 
 
912 ± 60 
 
56 ± 6 
 
32 ± 5 
 




23.5 ± 1.6 
 
3.23 ± 0.07 
 
27.2 ± 1.9 
 
4.8 ± 0.3 
 
824 ± 133 
 
78 ± 17 
 
40 ± 8 
 

















                  4 ─P 
 
23.4  ± 3.1 
 
2.55 ± 0.27 
 
22.8 ± 1.3 
 
4.6 ± 0.4 
 
989 ± 154 
 
76 ± 6 
 
37 ± 3 
 




16.8 ± 3.6 
 
2.75 ± 0.09 
 
24.1 ± 2.1 
 
4.1 ± 0.1 
 
1053 ± 176 
 
58 ± 3 
 
34 ± 1 
 

















                  5 ─P 
 
15.2 ± 3.9 
 
2.35 ± 0.15 
 
23.7 ± 1.4 
 
4.0 ± 0.2 
 
889 ± 75 
 
66 ± 4 
 
33 ± 1 
 




19.5 ± 5.2 
 
4.40 ± 0.55 
 
29.2 ± 0.2 
 
4.6 ± 0.1 
 
836 ± 30 
 
78 ± 7 
 
42 ± 8 
 

















                  6 ─P 
 
24.9 ± 1.4 
 
2.87 ± 0.26 
 
18.3 ± 2.3 
 
4.2 ± 0.4 
 
662 ± 46 
 
63 ± 12 
 
42 ± 3 
 




24.6 ± 2.8 
 
4.60 ± 0.35 
 
19.3 ± 1.1 
 
4.3 ± 0.2 
 
834 ± 73 
 
50 ± 2 
 
47 ± 3 
 

















                  7 ─P 
 
25.1 ± 4.0 
 
3.20 ± 0.27 
 
23.9 ± 3.4 
 
4.2 ± 0.4 
 
1386 ± 198 
 
61 ± 5 
 
52 ± 3 
 




24.7 ± 1.1 
 
3.45 ± 0.65 
 
19.2  ± 0.8 
 
3.8 ± 0.2 
 
754 ± 111 
 
60 ± 9 
 
42 ± 1 
 

















                  8 ─P 
 
17.4 ± 1.0 
 
2.32 ± 0.14 
 
20.6 ± 0.5 
 
4.5 ± 0.2 
 
865 ± 135 
 
53 ± 1 
 
36 ± 1 
 




20.4 ± 1.8 
 
4.67 ± 0.22 
 
22.8 ± 1.1 
 
5.0 ± 0.2 
 
725 ± 69 
 
61 ± 3 
 
38 ± 1 
 

















                  9 ─P 
 
20.2 ± 3.1 
 
2.27 ± 0.10 
 
16.0 ± 1.3 
 
5.1 ± 0.3 
 
954 ± 110 
 
54 ± 4 
 
31 ± 2 
 




10.8  ± 1.7 
 
3.40 ± 0.48 
 
14.5 ± 0.8 
 
5.1 ± 0.2 
 
836 ± 152 
 
46 ± 3 
 
32 ± 1 
 

















                  10 ─P 
 
12.5 ± 3.0 
 
2.67 ± 0.20 
 
24.2 ± 2.7 
 
3.7 ± 0.0 
 
847 ± 120 
 
54 ± 5 
 
34 ± 2 
 




9.8 ± 1.7 
 
4.40 ± 0.23 
 
22.8 ± 0.5 
 
3.9 ± 0.1 
 
899 ± 129 
 
58 ± 3 
 
35 ± 2 
 

















                  11 ─P 
 
15.0 ± 3.8 
 
2.60 ± 0.23 
 
24.3 ± 1.9 
 
4.2 ± 0.3 
 
590 ± 82 
 
52 ± 3 
 
36 ± 2 
 




17.1 ± 4.0 
 
3.87 ± 0.24 
 
25.0 ± 2.0 
 
4.2 ± 0.2 
 
798 ± 107 
 
48 ± 3 
 
33 ± 2 
 

















                  12 ─P 
 
16.1 ± 4.0 
 
2.75 ± 0.19 
 
26.1 ± 1.8 
 
4.8 ± 0.2 
 
804 ± 250 
 
58 ± 9 
 
37 ± 3 
 




26.5 ± 3.9 
 
4.17 ± 0.27 
 
22.9 ± 0.7 
 
4.3 ± 0.2 
 
894 ± 274 
 
61 ± 8 
 
41 ± 6 
 

















                  13 ─P 
 
10.1 ± 1.9 
 
2.70 ± 0.09 
 
16.1 ± 2.7 
 
2.7 ± 0.3 
 
792 ± 99 
 
55 ± 1 
 
29 ± 2 
 




12.6 ± 1.0 
 
3.17 ± 0.21 
 
22.2 ± 3.1 
 
3.0 ± 0.2 
 
1080 ± 395 
 
69 ± 7 
 
30 ± 2 
 

















                  14 ─P 
 
18.8 ± 2.9 
 
2.47 ± 0.23 
 
23.6 ± 3.4 
 
3.7 ± 0.2 
 
1165 ± 264 
 
66 ± 10 
 
33 ± 2 
 




11.2 ± 3.4 
 
2.67 ± 0.61 
 
26.6 ± 1.5 
 
3.8 ± 0.2 
 
1008 ± 141 
 
54 ± 4 
 
30 ± 2 
 

















                  15 ─P 
 
21.9 ± 4.0 
 
3.10 ± 0.29 
 
20.9 ± 1.0 
 
3.7 ± 0.0 
 
794 ± 159 
 
93 ± 15 
 
37 ± 3 
 




14.4 ± 3.0 
 
4.25 ± 0.55 
 
24.8 ± 1.4 
 
3.9 ± 0.1 
 
865 ± 113 
 
54 ± 2 
 
32 ± 2 
 

















                  16 ─P 
 
12.8 ± 2.1 
 
1.92 ± 0.47 
 
20.4 ± 1.0 
 
4.4 ± 0.2 
 
817 ± 248 
 
44 ± 4 
 
27 ± 3 
 




17.4 ± 4.0 
 
3.50 ± 0.09 
 
20.2 ± 0.5 
 
4.2 ± 0.1 
 
758 ± 163 
 
51 ± 4 
 
26 ± 1 
 

















                  17 ─P 
 
32.5 ± 4.2 
 
2.57 ± 0.61 
 
19.1 ± 0.8 
 
4.4 ± 0.1 
 
617 ± 74 
 
60 ± 3 
 
33 ± 2 
 




24.9 ± 4.1 
 
4.02 ± 0.31 
 
20.6 ± 1.1 
 
4.4 ± 0.3 
 
884 ± 56 
 
73 ± 14 
 
32 ± 2 
 

















                  18 ─P 
 
33.1 ± 2.1 
 
2.80 ± 0.60 
 
16.0 ± 1.3 
 
5.1 ± 0.1 
 
1299 ± 121 
 
82 ± 4 
 
38 ± 3 
 




35.0 ± 2.1 
 
3.85 ± 0.22 
 
16.2 ± 0.5 
 
5.5 ± 0.4 
 
777 ± 53 
 
74 ± 3 
 
33 ± 1 
 

















                  19 ─P 
 
31.0 ± 9.9 
 
2.85 ± 0.32 
 
18.3 ± 0.8 
 
5.7 ± 0.3 
 
905 ± 148 
 
43 ± 1 
 
33 ± 2 
 




22.8 ± 5.7 
 
3.22 ± 0.33 
 
17.7 ± 1.2 
 
5.7 ± 0.3 
 
1010 ± 193 
 
50 ± 1 
 
29 ± 2 
 

















                  20 ─P 
 
27.6 ± 3.3 
 
2.82 ± 0.08 
 
13.0 ± 0.65 
 
8.7 ± 0.4 
 
858 ± 47 
 
49 ± 4 
 
28 ± 2 
 




24.7 ± 6.4 
 
4.20 ± 0.17 
 
12.6 ± 0.7 
 
8.6 ± 0.1 
 
521 ± 73 
 
50 ± 2 
 
30 ± 3 
 

















                  21 ─P 
 
33.6 ± 6.5 
 
2.65 ± 0.16 
 
16.6 ± 1.0 
 
3.8 ± 0.2 
 
1043 ± 275 
 
89 ± 33 
 
29 ± 2 
 




35.4 ± 2.8 
 
4.95 ± 0.25 
 
19.2 ± 1.1 
 
4.1 ± 0.2 
 
718 ± 179 
 
47 ± 1 
 
31 ± 1 
 

















                  22 ─P 
 
25.0 ± 5.0 
 
3.05 ± 0.45 
 
21.3 ± 1.4 
 
4.2 ± 0.6 
 
987 ± 289 
 
56 ± 3 
 
36 ± 2 
 




24.5 ± 3.9 
 
3.67 ± 0.34 
 
21.6 ± 1.3 
 
4.4 ± 0.4 
 
471 ± 43 
 
65 ± 15 
 
29 ± 3 
 

















                  23 ─P 
 
31.0 ± 5.0 
 
2.92 ± 0.20 
 
15.9 ± 1.0 
 
3.5 ± 0.2 
 
794 ± 99 
 
56 ± 4 
 
31 ± 1 
 




32.2 ± 1.4 
 
2.77 ± 0.79 
 
18.3 ± 1.5 
 
3.6 ± 0.4 
 
849 ± 146 
 
58 ± 5 
 
28 ± 1 
 

















                  24 ─P 
 
24.2 ± 4.8 
 
2.30 ± 0.47 
 
23.0 ± 0.6 
 
5.2 ± 0.1 
 
906 ± 112 
 
52 ± 3 
 
36 ± 2 
 




17.9 ± 2.4 
 
4.12 ± 0.26 
 
24.1 ± 1.7 
 
4.6 ± 0.2 
 
679 ± 121 
 
57 ± 4 
 
31 ± 2 
 




















Table 2A.4.2 Experiment 1: nutrient concentration in the aerial part at harvest (mean ± standard error, four replicates per treatment) for 




















    
(g kg─1) 
       
(mg kg─1) 
      
1 ─P 
  
29.0 ± 4.7 
 
2.85 ± 0.37 
 
16.2 ± 1.6 
 
3.1 ± 0.2 
 
119 ± 12 
 
107 ± 27 
 
26 ± 2 
 




42.3 ± 3.3 
 
4.31 ± 0.28 
 
11.7 ± 0.6 
 
3.6 ± 0.3 
 
165 ± 10 
 
107 ± 13 
 
19 ± 1 
 



















                   2 ─P 
  
41.6 ± 1.3 
 
3.03 ± 0.13 
 
13.7 ± 0.7 
 
2.8 ± 0.1 
 
85 ± 1 
 
99 ± 6 
 
33 ± 1 
 




38.4 ± 7.3 
 
6.51 ± 0.45 
 
13.7 ± 1.6 
 
4.0 ± 0.2 
 
129 ± 9 
 
124 ± 15 
 
21 ± 3 
 



















                   3 ─P 
  
31.7 ± 2.6 
 
1.78 ± 0.38 
 
16.4 ± 0.5 
 
3.2 ± 0.1 
 
101 ± 2 
 
80 ± 4 
 
23 ± 1 
 




19.0 ± 4.5 
 
3.47 ± 0.33 
 
12.6 ± 0.9 
 
4.7 ± 0.2 
 
144 ± 15 
 
69 ± 4 
 
18 ± 1 
 



















                   4 ─P 
  
30.0 ± 2.9 
 
1.39 ± 0.34 
 
16.4 ± 1.4 
 
2.6 ± 0.1 
 
69 ± 5 
 
87 ± 13 
 
30 ± 3 
 




40.0 ± 0.9 
 
4.40 ± 0.30 
 
17.3 ± 1.6 
 
4.0 ± 0.1 
 
164 ± 7 
 
124 ± 20 
 
35 ± 3 
 



















                   5 ─P 
  
39.1 ± 0.8 
 
2.91 ± 0.37 
 
26.4 ± 9.5 
 
3.3 ± 0.7 
 
102 ± 12 
 
201 ± 45 
 
34 ± 1 
 




41.3 ± 2.8 
 
5.90 ± 0.68 
 
14.0 ± 1.6 
 
4.2 ± 0.2 
 
88 ± 9 
 
113 ± 10 
 
17 ± 2 
 



















                   6 ─P 
  
44.4 ± 4.5 
 
3.34 ± 1.41 
 
15.7 ± 2.0 
 
3.1 ± 0.1 
 
127 ± 9 
 
118 ± 13 
 
114 ± 1 
 




31.3 ± 6.5 
 
4.09 ± 0.10 
 
16.4 ± 1.9 
 
3.4 ± 0.1 
 
152 ± 15 
 
113 ± 20 
 
111 ± 6 
 























1.81 ± 0.26 
 
14.6 ± 0.5 
 
2.9 ± 0.2 
 
132 ± 12 
 
65 ± 9 
 
100 ± 3 
 








14.4 ± 1.2 
 
3.4 ± 0.1 
 
122 ± 13 
 
64 ± 11 
 
49 ± 4 
 



















                   8 ─P 
  
36.0 ± 2.7 
 
2.96 ± 0.25 
 
14.0 ± 2.8 
 
2.9 ± 0.1 
 
128 ± 13 
 
87 ± 16 
 
79 ± 6 
 




37.0 ± 7.9 
 
5.65 ± 0.48 
 
12.7 ± 1.0 
 
3.5 ± 0.1 
 
144 ± 11 
 
103 ± 27 
 
70 ± 6 
 



















                   9 ─P 
  
10.3 ± 3.1 
 
2.34 ± 0.45 
 
9.3 ± 0.5 
 
3.3 ± 0.2 
 
55 ± 5 
 
66 ± 9 
 
42 ± 4 
 




10.9 ± 3.0 
 
3.39 ± 0.14 
 
8.2 ± 0.4 
 
3.7 ± 0.2 
 
57 ± 6 
 
64 ± 3 
 
25 ± 2 
 



















                   10 ─P 
  
29.0 ± 3.8 
 
3.14 ± 0.25 
 
12.5 ± 0.7 
 
2.6 ± 0.2 
 
171 ± 13 
 
63 ± 5 
 
81 ± 8 
 




9.3 ± 1.9 
 
3.24 ± 0.18 
 
10.7 ± 0.6 
 
2.9 ± 0.1 
 
179 ± 14 
 
55 ± 11 
 
45 ± 5 
 



















                   11 ─P 
  
25.3 ± 5.4 
 
2.68 ± 0.24 
 
14.2 ± 3.5 
 
2.7 ± 0.4 
 
77 ± 13 
 
84 ± 12 
 
60 ± 6 
 




10.2 ± 0.7 
 
7.39 ± 0.17 
 
13.3 ± 0.6 
 
3.6 ± 0.0 
 
51 ± 1 
 
78 ± 2 
 
36 ± 3 
 



















                   12 ─P 
  
22.0 ± 2.5 
 
2.95 ± 0.16 
 
17.6 ± 1.4 
 
2.9 ± 0.0 
 
111 ± 11 
 
77 ± 4 
 
62 ± 5 
 




27.3 ± 12.1 
 
5.27 ± 0.49 
 
17.1 ± 1.4 
 
3.4 ± 0.4 
 
126 ± 7 
 
78 ± 3 
 
57 ± 9 
 



















                   13 ─P 
  
19.1 ± 4.2 
 
0.90 ± 0.12 
 
17.7 ± 3.8 
 
2.2 ± 0.3 
 
30 ± 6 
 
72 ± 20 
 
33 ± 5 
 




15.4 ± 4.6 
 
1.30 ± 0.20 
 
15.0 ± 3.4 
 
2.2 ± 0.4 
 
20 ± 5 
 
72 ± 19 
 
18 ± 2 
 



















                   14 ─P 
  
29.6 ± 0.8 
 
1.26 ± 0.10 
 
16.8 ± 1.8 
 
2.2 ± 0.1 
 
32 ± 2 
 
76 ± 6 
 
46 ± 2 
 




25.8 ± 6.4 
 
2.45 ± 0.72 
 
17.8 ± 0.0 
 
2.7 ± 0.4 
 
39 ± 4 
 
111 ± 49 
 
35 ± 2 
 



















                   15 ─P 
  
23.6 ± 5.8 
 
2.46 ± 0.13 
 
14.3 ± 2.5 
 
3.1 ± 0.1 
 
89 ± 10 
 
63 ± 7 
 
66 ± 9 
 




41.6 ± 6.2 
 
5.81  ± 1.24 
 
12.7 ± 0.6 
 
4.1 ± 0.3 
 
117 ± 8 
 
70 ± 19 
 
45 ± 4 
 



















                   16 ─P 
  
27.9 ± 1.0 
 
1.35 ± 0.23 
 
12.7 ± 0.7 
 
2.1 ± 0.1 
 
76 ± 7 
 
57 ± 7 
 
34 ± 4 
 




37.2 ± 2.5 
 
4.66 ± 1.01 
 
15.5 ± 1.5 
 
3.6 ± 0.3 
 
175 ± 15 
 
86 ± 8 
 
49 ± 10 
 



















                   17 ─P 
  
32.7 ± 3.1 
 
2.89 ± 0.33 
 
13.3 ± 0.4 
 
2.9 ± 0.2 
 
75 ± 8 
 
71 ± 7 
 
46 ± 4 
 




25.8 ± 6.4 
 
5.08 ± 0.58 
 
13.4 ± 2.1 
 
4.2 ± 0.3 
 
82 ± 14 
 
58 ± 8 
 
24 ± 6 
 



















                   18 ─P 
  
31.3 ± 1.0 
 
2.56 ± 0.10 
 
10.9 ± 0.8 
 
2.8 ± 0.1 
 
92 ± 5 
 
78 ± 4 
 
40 ± 2 
 




13.8 ± 2.4 
 
4.44 ± 0.45 
 
10.1 ± 1.0 
 
4.3 ± 0.2 
 
116 ± 16 
 
65 ± 9 
 
21 ± 4 
 



















                   19 ─P 
  
36.3 ± 8.8 
 
2.58 ± 0.26 
 
13.3 ± 0.8 
 
4.2 ± 0.2 
 
157 ± 11 
 
84 ± 14 
 
53 ± 6 
 




39.3 ± 6.6 
 
4.79 ± 0.12 
 
9.2 ± 0.5 
 
4.5 ± 0.5 
 
219 ± 13 
 
88 ± 12 
 
62 ± 13 
 



















                   20 ─P 
  
16.7 ± 4.2 
 
2.45 ± 0.13 
 
6.3 ± 0.5 
 
6.0 ± 1.2 
 
73 ± 6 
 
54 ± 7 
 
48 ± 2 
 




13.9 ± 6.9 
 
5.02 ± 0.86 
 
6.5 ± 0.3 
 
5.3 ± 0.3 
 
94 ± 14 
 
51 ± 11 
 
43 ± 8 
 



















                   21 ─P 
  
36.1 ± 0.9 
 
4.62 ± 0.86 
 
10.7 ± 1.6 
 
2.7 ± 0.1 
 
112 ± 39 
 
78 ± 11 
 
56 ± 4 
 




6.8 ± 1.8 
 
4.14 ± 0.94 
 
8.3 ± 1.6 
 
2.9 ± 0.5 
 
62 ± 34 
 
45 ± 9 
 
36 ± 6 
 



















                   22 ─P 
  
19.3 ± 3.2 
 
1.52 ± 0.12 
 
16.9 ± 1.1 
 
3.0 ± 0.0 
 
113 ± 13 
 
85 ± 27 
 
54 ± 2 
 




18.8 ± 0.5 
 
4.75 ± 0.61 
 
12.9 ± 2.3 
 
3.8 ± 0.1 
 
115 ± 16 
 
60 ± 13 
 
39 ± 7 
 



















                   23 ─P 
  
7.1 ± 0.9 
 
2.91 ± 1.21 
 
9.6 ± 1.8 
 
2.5 ± 0.3 
 
87 ± 0 
 
64 ± 15 
 
51 ± 12 
 




15.0 ± 3.2 
 
5.21 ± 0.39 
 
10.4 ± 0.8 
 
3.1 ± 0.1 
 
185 ± 19 
 
63 ± 5 
 
46 ± 3 
 



















                   24 ─P 
  
20.2 ± 6.0 
 
3.34 ± 0.47 
 
13.2 ± 1.3 
 
2.9 ± 0.1 
 
69 ± 6 
 
84 ± 6 
 
52 ± 8 
 




18.8 ± 5.4 
 
6.24 ± 0.86 
 
15.5 ± 1.8 
 
3.8 ± 0.2 
 
97 ± 9 
 
100 ± 9 
 
42 ± 11 
 


































Table 2A.5 Experiment 1–upper part: mineral element concentration in aerial part (mean ± standard error,) for lupin and 
sorghum grown on P-not fertilized (−P, 0 mg kg─1) and P-high fertilized (+P, 100 mg kg─1) soils for all 24 calcareous soils used.  
P: P value of ANOVA. Experiment 2–bottom part: mineral element concentration in leaves of the midshoot (mean ± standard 
error, four replicates per treatment) of olive trees grown on P fertilized (+P; mean of P doses 25, 50, 100 and 200 mg kg-1) and 



















   
(g kg-1) 
     
(mg kg-1)
    Exp. 1 
 
Lupin 




2.62 ± 0.06 
 
21.7 ± 1.0 
 
20.8 ± 0.5 
 
4.5 ± 0.1 
 
61 ± 2 
 
896 ± 34 
 
9.2 ± 0.2 
 




3.83 ± 0.09 
 
21.6 ± 0.9 
 
21.5 ± 0.5 
 
4.5 ± 0.1 
 
60 ± 2 
 
824 ± 33 
 
9.4 ± 0.2 
 


















                  
  
Sorghum 




2.50 ± 0.11 
 
28.5 ± 1.2 
 
14.3 ± 0.6 
 
3.0 ± 0.1 
 
82 ± 4 
 
96 ± 4 
 
12.8 ± 0.4 
 




4.67 ± 0.17 
 
26.4 ± 1.7 
 
12.7 ± 0.4 
 
3.8 ± 0.1 
 
81 ± 4 
 
124 ± 6 
 
14.4 ± 0.4 
 


















                  Exp. 2 
 
Soil 1 
               
  
2010 




2.87 ± 0.17 
 
13.3 ± 3.0 
 
11.7 ± 0.9 
 
1.4 ± 0.1 
 
39 ± 6 
 
40 ± 2 
 
14.2 ± 0.5 
 




2.78 ± 0.06 
 
7.3 ± 0.7 
 
12.2 ± 0.4 
 
1.5 ± 0.0 
 
30 ± 2 
 
43 ± 1 
 
12.0 ± 0.4 
 


















                  
  
2011 




2.41 ± 0.15 
 
11.0 ± 2.6 
 
9.1 ± 0.3 
 
1.1 ± 0.0 
 
41 ± 1 
 
40 ± 2 
 
9.1 ± 0.1 
 




2.56 ± 0.09 
 
13.1 ± 0.8 
 
10.3 ± 0.3 
 
1.1 ± 0.0 
 
40 ± 2 
 
43 ± 1 
 
9.8 ± 0.1 
 


















                  
  
Soil 2 
               
  
2010 




2.16 ± 0.15 
 
12.5 ± 1.7 
 
10.4 ± 0.4 
 
0.9 ± 0.0 
 
41 ± 3 
 
56 ± 3 
 
4.6 ± 0.0 
 




3.95 ± 0.16 
 
5.4 ± 0.7 
 
11.0 ± 0.2 
 
0.9 ± 0.0 
 
44 ± 2 
 
57 ± 1 
 
5.6 ± 0.2 
 
19 ± 1 

















                 
  
2011 




2.58 ± 0.15 
 
9.9 ± 1.1 
 
8.4 ± 0.3 
 
1.1 ± 0.0 
 
51 ± 2 
 
40 ± 2 
 
9.0 ± 0.3 
 




2.93 ± 0.08 
 
15.0 ± 1.0 
 
9.0 ± 0.3 
 
1.2 ± 0.0 
 
46 ± 2 
 
45 ± 2 
 
8.3 ± 0.2 
 

























Table 2A.6 Experiment 2: time course of SPAD (mean ± standard error, four replicates per treatment) for olive 
trees grown on Soil 1 and Soil 2 fertilized with different P doses (0 to 200 mg P kg−1). 
 
SPAD Treatment (mg P kg−1) 
   
  
0 25 50 100 200 
Soil 1 2009 
     
 
May 58.7 ± 2.2 64.5 ± 2.8 63.6 ± 5.9 74.7 ± 2.3 58.4 ± 2.2 
 
June 47.2 ± 7.5 48.0 ± 4.7 35.9 ± 0.4 41.2 ± 2.6 37.7 ± 4.2 
 
July 52.4 ± 2.7 50.3 ± 3.8 46.9 ± 2.0 45.0 ± 2.4 45.0 ± 2.2 
 
August 55.0 ± 1.7 56.8 ± 1.9 54.6 ± 0.9 55.0 ± 3.1 54.4 ± 2.3 
 
September 51.3 ± 1.3 52.5 ± 1.2 53.3 ± 1.7 51.4 ± 1.7 52.0 ± 0.8 
 
October 47.1 ± 3.3 38.7 ± 3.5 48.5 ± 2.7 48.2 ± 1.1 36.8 ± 4.5 
       
 
2010 
     
 
May - - - - - 
 
June 21.3 ± 1.0 25.7 ± 0.5 18.4 ± 2.9 24.2 ± 0.9 22.5 ± 1.2 
 
July 28.6 ± 2.6 42.1 ± 1.3 34.4 ± 2.9 39.7 ± 4.0 33.1 ± 3.5 
 
August 42.6 ± 1.8 47.7 ± 0.9 43.5 ± 3.0 44.7 ± 0.9 44.6 ± 2.1 
 
September 47.7 ± 2.9 47.0 ± 2.0 45.1 ± 0.5 42.2 ± 3.5 41.3 ± 1.8 
 
October 40.4 ± 2.8 39.2 ± 1.1 41.0 ± 3.8 41.9 ± 0.9 35.5 ± 2.5 
       
 
2011 
     
 
May 43.3 ± 3.4 36.6 ± 2.1 34.4 ± 2.9 39.0 ± 3.7 38.5 ± 4.2 
 
June 50.0 ± 1.2 44.8 ± 1.8 37.1 ± 2.4 41.9 ± 2.2 35.6 ± 3.2 
 
July 52.3 ± 0.7 46.2 ± 2.2 52.2 ± 1.2 51.7 ± 0.9 44.6 ± 0.6 
 
August 42.7 ± 0.6 44.5 ± 0.9 44.9 ± 1.8 45.6 ± 1.9 43.6 ± 0.4 
       Soil 2 2009 
     
 
May 57.3 ± 4.3 58.8 ± 5.0 58.0 ± 0.4 57.2 ± 4.3 58.3 ± 3.2 
 
June 57.6 ± 4.5 61.7 ± 6.2 60.2 ± 4.1 56.6 ± 3.6 58.6 ± 4.6 
 
July 50.0 ± 2.3 44.1 ± 2.3 46.4 ± 1.5 47.9 ± 3.7 44.3 ± 2.4 
 
August 49.4 ± 1.2 54.2 ± 1.5 56.1 ± 3.1 53.6 ± 1.6 56.1 ± 1.3 
 
September 51.7 ± 2.7 49.3 ± 2.2 52.3 ± 1.6 50.5 ± 1.7 52.1 ± 1.7 
 
October 52.5 ± 1.3 52.5 ± 0.8 50.7 ± 1.0 50.5 ± 1.3 52.3 ± 1.1 
       
 
2010 
     
 
May 49.4 ± 1.0 54.5 ± 0.9 52.6 ± 0.5 53.3 ± 1.0 53.9 ± 2.3 
 
June 46.2 ± 1.6 45.2 ± 1.1 45.3 ± 1.3 44.3 ± 0.7 46.8 ± 1.4 
 
July 39.6 ± 0.8 40.4 ± 1.1 37.8 ± 0.4 38.3 ± 1.2 40.2 ± 1.9 
 
August 42.5 ± 1.8 45.8 ± 1.6 42.8 ± 1.7 41.9 ± 0.1 46.1 ± 1.1 
 
September 40.2 ± 1.3 32.5 ± 1.0 36.3 ± 1.4 32.8 ± 2.2 41.3 ± 1.2 
 
October 39.8 ± 1.3 35.6 ± 3.6 31.8 ± 2.2 32.5 ± 3.6 36.6 ± 3.4 
       
 
2011 
     
 
May 40.1 ± 2.5 35.4 ± 0.9 35.6 ± 3.2 39.5 ± 1.3 34.4 ± 2.9 
 
June 46.9 ± 2.0 42.0 ± 2.4 37.3 ± 1.8 43.0 ± 3.4 42.0 ± 2.3 
 
July 48.7 ± 1.6 50.1 ± 0.8 48.7 ± 1.1 51.3 ± 1.6 48.8 ± 1.9 
 










Table 2A.7 Experiment 2: shoot lenght (mean of two main shoots) and pruning weight (mean ± standard error, 
four replicates per treatment) for olive trees grown on Soil 1 and Soil 2 fertilized with different P doses (0 to 200 
mg P kg−1). 
  
Treatment (mg P kg−1) 
  
0 25 50 100 200 
Soil1 2009 
     Shoot lenght (cm) May 1.3 ± 0.3 1.8 ± 0.2 2.0 ± 0.5 2.5 ± 0.6 1.5 ± 0.4 
 
June 5.0 ± 0.3 7.5 ± 1.7 7.5 ± 0.8 9.4 ± 1.4 7.0 ± 1.8 
 
July 9.6 ± 0.6 14.1 ± 1.9 11.2 ± 1.3 13.6 ± 1.7 11.7 ± 2.8 
 
August 32.2 ± 2.3 39.6 ± 2.4 30.4 ± 2.6 35.0 ± 1.8 34.2 ± 7.1 
 
September 40.5 ± 3.4 45.8 ± 2.5 37.0 ± 3.4 42.0 ± 2.2 41.2 ± 7.6 
 
October 50.2 ± 3.0 56.7 ± 2.6 52.2 ± 2.6 53.0 ± 2.0 54.5 ± 5.8 
       
 
2010 
     
 
May 2.2 ± 0.5 3.4 ± 1.4 2.2 ± 0.3 3.9 ± 1.0 3.8 ± 1.8 
 
June 11.6 ± 2.1 13.3 ± 0.7 9.6 ± 1.1 12.6 ± 0.3 11.7 ± 1.8 
 
July 21.1 ± 1.0 23.8 ± 1.2 18.0 ± 2.1 22.6 ± 0.7 20.0 ± 1.1 
 
August 27.7 ± 1.2 35.6 ± 1.1 29.1 ± 3.4 35.5 ± 1.5 29.6 ± 1.7 
 
September 35.5 ± 3.0 41.5 ± 1.5 36.1 ± 3.2 37.8 ± 2.7 35.7 ± 1.4 
       
 
2011 
     
 
May 22.7 ± 2.0 22.7 ± 2.2 23.5 ± 2.7 22.5 ± 1.8 20.5 ± 2.4 
 
June 31.5 ± 2.1 32.1 ± 2.8 31.7 ± 2.3 30.0 ± 2.0 29.7 ± 1.3 
 
July 37.5 ± 2.4 36.9 ± 3.5 37.4 ± 2.5 36.0 ± 2.1 36.3 ± 0.9 
 
August 41.1 ± 1.5 40.9 ± 3.5 44.0 ± 4.3 41.4 ± 2.4 41.6 ± 1.0 
       Pruning weight (g) 2010 14 ± 2 13 ± 1 13 ± 1 13 ± 1 14 ± 1 
 
2011 25 ± 3 31 ± 1 24 ± 2 28 ± 2 28 ± 1 
       Soil 2 2009 
     Shoot lenght (cm) May 2.0 ± 0.6 1.6 ± 0.5 1.6 ± 0.3 1.5 ± 0.2 1.7 ± 0.4 
 
June 4.5 ± 0.6 5.2 ± 1.1 5.0 ± 0.4 5.7 ± 0.7 5.0 ± 0.6 
 
July 5.7 ± 0.5 7.5 ± 1.0 6.6 ± 0.6 7.7 ± 0.4 6.1 ± 0.8 
 
August 18.0 ± 1.4 29.5 ± 1.4 22.9 ± 1.3 29.1 ± 2.1 19.8 ± 1.9 
 
September 28.9 ± 3.8 36.1 ± 1.9 29.6 ± 1.8 35.5 ± 2.4 27.9 ± 2.5 
 
October 33.8 ± 2.2 46.5 ± 1.3 41.5 ± 2.4 44.8 ± 1.4 38.3 ± 3.0 
       
 
2010 
     
 
May 30.4 ± 2.1 30.0 ± 0.5 30.0 ± 1.0 30.9 ± 0.4 31.8 ± 1.6 
 
June 35.3 ± 1.5 37.0 ± 0.3 37.2 ± 0.3 37.7 ± 0.2 40.4 ± 3.6 
 
July 45.0 ± 1.9 45.8 ± 0.8 46.0 ± 0.5 47.6 ± 0.8 49.1 ± 2.8 
 
August 49.2 ± 2.3 50.1 ± 1.5 51.9 ± 1.1 53.1 ± 0.7 52.8 ± 2.8 
 
September 50.5 ± 2.4 52.9 ± 1.2 54.0 ± 1.6 54.4 ± 0.5 54.4 ± 2.5 
       
 
2011 
     
 
May 18.3 ± 2.1 16.3 ± 0.4 13.7 ± 1.1 15.8 ± 2.5 19.8 ± 4.7 
 
June 28.9 ± 2.6 25.3 ± 0.6 24.6 ± 0.8 26.0 ± 1.9 28.5 ± 3.7 
 
July 36.4 ± 2.2 30.3 ± 0.3 28.1 ± 2.3 33.9 ± 1.7 35.3 ± 4.0 
 
August 40.4 ± 1.8 34.8 ± 0.4 32.4 ± 1.9 39.4 ± 2.1 38.6 ± 3.1 
       Pruning weight (g) 2010 8 ± 1 9 ± 1 9 ± 0 9 ± 0 10 ± 1 
 
2011 21 ± 1 22 ± 1 23 ± 1 25 ± 2 22 ± 1 
Annexes 
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Figure 2A.1 Experiment 1: (a) different degrees of iron chlorosis in lupin growing in 24 calcareous soils in 
growth chamber. (b) Last leaflet of lupin grown on five calcareous soils (1 to 5) without (―P) and with 
phosphorus fertilization (+P), four replicates per treatment. Iron chlorosis symptoms (interveinal yellowing and 
leaf necrosis) are more severe in +P plants.  
 
Figure 2A.2 Experiment 1: (a) different degrees of iron chlorosis in sorghum growing in 24 calcareous soils in 
growth chamber. (b) Leaf phosphorus deficiency symptoms in plants grown in soils with < 10 mg P kg―1 soil 



































Figure 2A.3 Experiment 2: (a) ‘Arbequina’ olives transplantation in April 2009. (b) Chlorophyll measurement 
(SPAD value) in olive young leaves. (c) Olive trees in the shadehouse after pruning in February 2010. (d) 




































Figure 2A.4 Experiment 1: SPAD of control plants (−P) vs P fertilized plants (+P) at harvest for lupin and 
sorghum (30 and 31 days after transplanting, respectively) for all 24 calcareous soils, four replicates per 






































SPAD value at harvest of −P plants 































Figure 2A.5 Experiment 2: time course of SPAD (mean ±standard error, four replicates per treatment) of olive 














































































































































































Table 3A.1 Time course of SPAD (mean ± standard error, four replicates per treatment) in olive orchads of ‘Arbequina’, ‘Ocal’, ‘Manzanilla’ 
in 2009-2012, and of ‘Picudo’ in 2010-2012. Two treatments, control (−P) and P-fertilized (+P) were applied in all orchards except for 
‘Picudo’ orchard in which four treatments were applied, control (−P) , low P, medium P and high P. 
Treat. SPAD 









. April May July October 
 
April May July October 
 
May July October 
 
May July October 
 
Arbequina 
                
Control 43.2 ± 0.7 49.4 ± 1.3 53.5 ± 1.4 71.3 ± 3.2 
  
43.1 ± 0.6 48.5 ± 0.8 52.3 ± 2.5 
 
37.7 ± 2.3 53.9 ± 2.9 66.0 ± 2.1 
 
45.3 ± 0.7 53.7 ± 4.1 71.9 ± 5.3 
+P 44.9 ± 0.7 50.8 ± 0.6 52.3 ± 1.5 73.7 ± 1.1 
  
45.2 ± 1.0 47.4 ± 0.7 55.5 ± 1.9 
 
38.1 ± 1.8 45.8 ± 2.3 66.6 ± 2.6 
 
43.0 ± 0.5 48.2 ± 3.2 63.6 ± 4.1 
P 0.135 0.246 0.097 0.566 
  
0.054 0.047 0.274 
 
0.894 0.080 0.919 
 
0.045 0.338 0.318 
 
Ocal 
                
Control 40.8 ± 1.5 44.2 ± 0.8 51.1 ± 1.5 63.6 ± 1.2 
  
47.8 ± 0.8 46.5 ± 0.9 43.8 ± 3.2 
 
44.3 ± 1.8 59.7 ± 1.9 64.9 ± 0.8 
 
48.1 ± 1.3 44.0 ± 3.9 54.8 ± 3.3 
+P 41.1 ± 1.7 44.9 ± 1.1 52.3 ± 2.4 63.6 ± 2.1 
  
47.4 ± 0.9 47 ± 2.2 45.4 ± 2.8 
 
42.1 ± 1.4 57.5 ± 2.7 65.5 ± 2.5 
 
46.8 ± 1.5 42.1 ± 3.3 58.6 ± 4.1 
P 0.889 0.690 0.589 0.989 
  
0.811 0.752 0.653 
 
0.037 0.406 0.781 
 
0.139 0.748 0.226 
 
Manzanilla 
                
Control 54.8 ± 1.6 60.8 ± 1.4 54.0 ± 1.9 52.8 ± 1.5 
  
52.8 ± 1.8 60.9 ± 0.6 49.2 ± 2.0 
 
52.4 ± 1.3 55.9 ± 1.1 45.0 ± 1.6 
 
42.6 ± 1.8 52.7 ± 1.7 63.2 ± 1.2 
+P 58.8 ± 2.5 60.6 ± 1.4 51.0 ± 3.0 50.5 ± 1.6 
  
49.1 ± 1.6 58.6 ± 0.8 48.3 ± 3.2 
 
49.1 ± 1.4 52.4 ± 2.1 41.4 ± 2.0 
 
38.9 ± 1.7 41.7 ± 1.6 51.4 ± 3.2 
P 0.152 0.881 0.334 0.298 
  
0.159 0.095 0.774 
 
0.133 0.171 0.177 
 
0.102 0.001 0.009 
 
Picudo 
                
Control 
     
55.2 ± 1.4 41.6 ± 1.3 40.2 ± 1.3 39.7 ± 2.7 
 
44.9 ± 0.5 40.4 ± 1.1 48.6 ± 2.3 
 
40.3 ± 1.0 36.6 ± 2.3 38.0 ± 2.1 
Low 
     
52.8 ± 2.1 41.7 ± 1.4 41.1 ± 2.3 40.0 ± 2.0 
 
44.5 ± 1.3 40.2 ± 1.2 47.6 ± 1.6 
 
41.2 ± 1.9 38.5 ± 1.6 40.3 ± 2.4 
Medium 
     
51.4 ± 1.1 40.8 ± 0.9 39.4 ± 1.8 41.3 ± 1.9 
 
42.8 ± 1.7 36.8 ± 1.6 47.7 ± 3.5 
 
33.8 ± 2.4 25.4 ± 2.0 27.4 ± 1.8 
High 
     
54.2 ± 2.8 41.3 ± 1.0 37.3 ± 2.7 37.7 ± 2.0 
 
40.1 ± 1.6 35.9 ± 1.6 47.8 ± 2.4 
 
33.9 ± 1.6 23.7 ± 1.7 24.3 ± 1.7 
P 
     
0.307 0.895 0.460 0.658 
 
0.038 0.036 0.978 
 
0.021 0.000 0.000 
Table 3A.2 Time course of leaf fresh weight (mean ± standard error, four replicates per treatment) in olive orchads of ‘Arbequina’, 
‘Ocal’, ‘Manzanilla’ and ‘Picudo’ in 2010-2012. Two treatments, control (−P) and P-fertilized (+P) were applied in all orchards except 
for ‘Picudo’ orchard in which four treatments were applied, control (−P) , low P, medium P and high P. 
Treatment 
 
Leaf fresh weight (mg) 






May July October 
 
May July October 
 
May July October 
  
Arbequina 
        
Control 
 
0.098 ± 0.002  0.086 ± 0.002 0.062 ± 0.002 
 
0.138 ± 0.004 0.095 ± 0.004  0.070 ± 0.002 
 
0.095 ± 0.004 0.061 ± 0.002 0.056 ± 0.013 
+P 
 
0.096 ± 0.002 0.085 ± 0.002 0.056 ± 0.002 
 
0.126 ± 0.003 0.082 ± 0.003 0.069 ± 0.005 
 
0.088 ± 0.005 0.052 ± 0.004 0.064 ± 0.005 
P 
 
0.902 0.825 0.207 
 
0.052 0.046 0.652 
 
0.352 0.127 0.596 
             
  
Ocal 
         
Control 
 
0.149 ± 0.005 0.116 ± 0.003 0.075 ± 0.005 
 
0.158 ± 0.006 0.136 ± 0.008 0.115 ± 0.005 
 
0.150 ± 0.004 0.073 ± 0.005 0.073 ± 0.006 
+P 
 
0.141 ± 0.004 0.115 ± 0.003 0.072 ± 0.005 
 
0.153 ± 0.005 0.127 ± 0.009 0.117 ± 0.003 
 
0.146 ± 0.005 0.063 ± 0.003 0.070 ± 0.003 
P 
 
0.273 0.823 0.536 
 
0.270 0.056 0.726 
 
0.266 0.084 0.732 
             
  
Gilena 
         
Control 
 
0.106 ± 0.004 0.091 ± 0.003 0.081 ± 0.004 
 
0.109 ± 0.002 0.103 ± 0.004 0.069 ± 0.004 
 
0.073 ± 0.005 0.058 ± 0.001 0.055 ± 0.001 
+P 
 
0.101 ± 0.003 0.091 ± 0.003 0.075 ± 0.004 
 
0.100 ± 0.005 0.098 ± 0.006 0.067 ± 0.004 
 
0.063 ± 0.004 0.042 ± 0.003 0.049 ± 0.004 
P 
 
0.145 0.923 0.251 
 
0.084 0.589 0.700 
 
0.267 0.005 0.287 
             
  
Picudo 
        
Control 
 
0.094 ± 0.005 0.104 ± 0.002 0.093 ± 0.004 
 
0.145 ± 0.005  0.099 ± 0.006 0.086 ± 0.007 
 
0.081 ± 0.003 0.078 ± 0.008 0.083 ± 0.004 
Low 
 
0.094 ± 0.001 0.107 ± 0.005 0.092 ± 0.005 
 
0.133 ± 0.005  0.099 ± 0.004 0.084 ± 0.004 
 
0.080 ± 0.005 0.074 ± 0.006 0.080 ± 0.008 
Medium 
 
0.099 ± 0.005 0.091 ± 0.003 0.088 ± 0.005 
 
0.125 ± 0.007 0.079 ± 0.005 0.084 ± 0.006 
 
0.063 ± 0.003 0.046 ± 0.004 0.048 ± 0.003 
High 
 
0.094 ± 0.004 0.084 ± 0.002 0.089 ± 0.005 
 
0.113 ± 0.007 0.073 ± 0.004 0.090 ± 0.009 
 
0.056 ± 0.004 0.042 ± 0.003 0.044 ± 0.002 
P 
 
0.675 0.009 0.0755 
 
0.033 0.003 0.877 
 













Table 3A.3.1 Mineral element concentrations in ‘Arbequina’ leaves collected in July 2009, 2010 and 2011.  
Data are mean ± standard error of leaves from eight trees. 
Treatment N P K Ca Mg 
 







Control 17.5 ± 0.9 1.23 ± 0.08 10.3 ± 0.7 19.0 ± 1.3 1.2 ± 0.1 
 
70 ± 4 57 ± 8 70 ± 4 70 ± 22 
+P 18.4 ± 1.2 1.45 ± 0.06 11.5 ± 1.0 22.2 ± 0.9 1.3 ± 0.1 
 
67 ± 4 60 ± 5 67 ± 4 44 ± 16 
P 0.567 0.002 0.011 0.208 0.076 
 
0.354 0.116 0.907 0.349 
           
 
2010 
Control 16.7 ± 0.5 1.54 ± 0.06 14.9 ± 0.4 13.2 ± 0.9 1.4 ± 0.0 
 
33 ± 2 47 ± 4 16 ± 1 69 ± 8 
+P 16.7 ± 0.2 1.60 ± 0.05 15.0 ± 0.4 14.2 ± 0.6 1.4 ± 0.0 
 
30 ± 1 49 ± 3 18 ± 1 53 ± 5 
P 0.894 0.359 0.753 0.293 0.841 
 
0.182 0.661 0.092 0.886 
           
 
2011 
Control 18.9 ± 0.4 1.50 ± 0.05 8.1 ± 1.5 12.8 ± 0.9 1.4 ± 0.1 
 
46 ± 4 49 ± 4 21 ± 2 57 ± 9 
+P 19.5 ± 0.5 1.53 ± 0.09 11.7 ± 1.7 12.9 ± 1.0 1.4 ± 0.1 
 
40 ± 3 51 ± 4 22 ± 1 54 ± 7 
P 0.367 0.939 0.060 0.382 0.878 
 
0.472 0.206 0.943 0.509 
Table 3A.3.2 Mineral element concentrations in 'Ocal' leaves collected in July 2009, 2010 and 2011. Data are 
mean ± standard error of leaves from six trees. 
Treatment N P K Ca Mg 
 







Control 19.4 ± 0.9 1.08 ± 0.05 15.1 ± 0.5 14.2 ± 0.5 1.5 ± 0.1 
 
44 ± 3 31 ± 1 11 ± 1 279 ± 3 
+P 17.1 ± 0.8 1.13 ± 0.03 15.5 ± 0.6 15.4 ± 1.0 1.7 ± 0.1 
 
43 ± 3 31 ± 2 11 ± 0 275 ± 28 
P 0.164 0.353 0.153 0.288 0.225 
 
0.767 0.753 0.350 0.815 
           
 
2010 
Control 16.3 ± 0.5 1.48 ± 0.08 16.7 ± 0.6 9.8 ± 0.3 1.2 ± 0.0 
 
21 ± 1 28 ± 2 12 ± 1 41 ± 3 
+P 17.1 ± 0.2 1.40 ± 0.04 16.2 ± 0.6 11.0 ± 0.9 1.3 ± 0.1 
 
24 ± 2 31 ± 2 12 ± 0 43 ± 8 
P 0.077 0.240 0.223 0.226 0.198 
 
0.233 0.317 0.637 0.844 
           
 
2011 
Control 17.4 ± 0.4 1.15 ± 0.05 12.0 ± 1.4 9.0 ± 0.3 1.3 ± 0.1 
 
39 ± 4 27 ± 1 16 ± 1 132 ± 15 
+P 17.1 ± 0.6 1.18 ± 0.06 9.3 ± 0.8 8.9 ± 0.6 1.3 ± 0.1 
 
42 ± 3 26 ± 1 16 ± 1 155 ± 24 
P 0.763 0.750 0.094 0.922 0.840 
 





Table 3A.3.3 Mineral element concentrations in ‘Manzanillo’ leaves collected in July 2009, 2010 and 2011.  
Data are mean ± standard error of leaves from eight trees. 
Treatment N P K Ca Mg 
 







Control 19.2 ± 0.7 1.02 ± 0.05 10.6 ± 0.3 12.2 ± 0.8 1.2 ± 0.1 
 
36 ± 2 27 ± 1 18 ± 1 10 ± 1 
+P 21.3 ± 0.6 1.18 ± 0.07 11.2 ± 0.8 12.8 ± 0.6 1.2 ± 0.1 
 
35 ± 1 31 ± 1 18 ± 1 9 ± 0 
P 0.065 0.031 0.580 0.608 0.951 
 
0.470 0.001 0.740 0.492 
           
 
2010 
Control 16.6 ± 0.6 0.96 ± 0.10 8.2 ± 0.5 13.4 ± 0.7 1.6 ± 0.1 
 
30 ± 2 48 ± 2 9 ± 1 18 ± 5 
+P 15.8 ± 0.9 1.09 ± 0.06 8.3 ± 0.4 13.2 ± 1.6 1.6 ± 0.1 
 
30 ± 3 42 ± 4 8 ± 1 19 ± 5 
P 0.341 0.228 0.826 0.877 0.897 
 
0.852 0.305 0.182 0.966 
           
 
2011 
Control 15.8 ± 1.0 0.87 ± 0.04 7.8 ± 0.4 27.6 ± 0.8 2.3 ± 0.1 
 
60 ± 5 70 ± 4 16 ± 1 230 ± 35 
+P 16.9 ± 1.0 0.89 ± 0.06 7.1 ± 0.9 22.9 ± 2.5 2.1 ± 0.3 
 
52 ± 2 61 ± 4 12 ± 1 198 ± 32 
P 0.551 0.857 0.582 0.120 0.345 
 
0.167 0.146 0.035 0.498 
Table 3A.3.4 Mineral element concentrations in 'Picudo' leaves collected in July 2010 and 2011. Data are 
mean ± standard error of leaves from six trees. 
Treatment N P K Ca Mg 
 







Control 16.6 ± 0.7 0.91 ± 0.05 9.1 ± 0.5 14.8 ± 0.9 1.5 ± 0.1 
 
16 ± 2 23 ± 1 10 ± 1 7 ± 1 
Low 15.5 ± 0.8 0.90 ± 0.03 7.8 ± 0.4 14.4 ± 0.5 1.5 ± 0.0 
 
16 ± 1 24 ± 3 10 ± 1 6 ± 1 
Medium 16.3 ± 0.4 0.93 ± 0.03 8.6 ± 0.8 15.8 ± 1.6 1.7 ± 0.1 
 
15 ± 1 26 ± 2 11 ± 1 6 ± 0 
High 16.8 ± 0.4 0.92 ± 0.03 9.3 ± 0.5 13.6 ± 0.5 1.5 ± 0.1 
 
13 ± 1 25 ± 1 12 ± 1 6 ± 0 
P 0.410 0.950 0.249 0.454 0.353 
 
0.513 0.716 0.523 0.814 
           
 
2011 
Control 15.0 ± 0.6 1.18 ± 0.05 5.6 ± 0.5 18.0 ± 1.7 1.9 ± 0.1 
 
31 ± 3 36 ± 3 18 ± 1 154 ± 43 
Low 15.4 ± 0.3 1.25 ± 0.06 5.5 ± 0.4 18.0 ± 0.8 1.8 ± 0.1 
 
25 ± 2 37 ± 1 16 ± 1 109 ± 14 
Medium 15.3 ± 0.4 1.07 ± 0.06 5.5 ± 0.7 19.4 ± 2.7 2.0 ± 0.2 
 
28 ± 2 40 ± 6 18 ± 1 133  14 
High 15.4 ± 0.4 1.13 ± 0.03 4.9 ± 0.5 19.0 ± 2.5 2.2 ± 0.3 
 
30 ± 2 35 ± 4 16 ± 1 187  42 





Figure 3A.1 Experimental fields (a) Aldea Quintana (Córdoba) ‘Arbequina’, (b) Aldea Quintana (Córdoba) 

























































































Table 4A.1 Influence of soil phosphorus (+P) and organic acid (+P+OA) addition on the SPAD value of 
chickpea grown in two calcareous soils (Soil 1, Soil 18). Values represent mean ± standard error (n = 5). a: last 
leaf; b: penultimate leaf. 
Treatment Soil SPAD at different DAT 
        
  
23 
   
25 















                  1 
           
-P 
 
38.8 ± 1,9 a 
 
45.7 ± 1.9 
 
36.7 ± 1.4 a 
 
47.2 ± 0.6 a 
 
40.9 ± 2.1 
 
52.0 ± 1.8 a 
+P 
 
24.4 ± 1.7 b 
 
42.0 ± 1.6 
 
28.4 ± 1.2 b 
 
37.0 ± 1.6 b 
 
36.4 ± 0.7 
 
42.1 ± 1.0 b 
+P +OA 
 
30.2 ± 2.0 b 
 
42.3 ± 2.6 
 
30.6 ± 1.4 b 
 
39.7 ± 1.4 b 
 
39.0 ± 2.0 
 
45.4 ± 2.1 b 















           
-P 
 
33.4 ± 2.5 
 
41.1 ± 2.0 
 
43.5 ± 1.5 a 
 
46.4 ± 1.2 a 
 
35.5 ± 1.2 
 
49.3 ± 1.1 
+P 
 
29.2 ± 2.6 
 
37.8 ± 2.2 
 
35.0 ± 0.7 b 
 
43.5 ± 1.8 ab 
 
34.4 ± 2.1 
 
44.8 ± 3.0 
+P +OA 
 
30.9 ± 1.8 
 
40.1 ± 2.0 
 
33.7 ± 1.0 b 
 
40.1 ± 1.3 b 
 
35.5 ± 1.1 
 















Table 4A.2 Nutrient concentrations in roots of chickpea grown in two calcareous soils (Soil 1, Soil 18) amended 
without (−P) or with P (+P) and organic acids (+P+OA). Values represent mean ± standard eror (n = 5). Letters a, 
b and c denote significant differences between treatments at the p < 0.05 level. 
Treatment Soil   P   K   Ca   Mg   Mn Fe   Cu 
      (g kg-1)   
    
  
 
(mg kg-1)     
 
 1 
     
  
     
−P 
  
2.49 ± 0.16 b 6.0 ± 1.2 b 34.5 ± 1.5 b 3.8 ± 0.1 c 
 
34 ± 2 a 531 ± 82 a 22 ± 1 
+P 
  
4.20 ± 0.51 a 9.2 ± 1.0 ab 39.1 ± 0.6 a 5.7 ± 0.3 a 
 
26 ± 1 b 652 ± 41 b 28 ± 3 
+P+OA 
  
4.14 ± 0.43 a 10.6± 1.2 a 36.8 ± 1.1 ab 4.8 ± 0.2 b 
 









0.065 0.259 0.330 
 
18 
           
−P 
  
3.06 ± 0.08 b 9.2 ± 1.4 b 37.1 ± 0.8 a 9.6 ± 0.4 b 
 
35 ± 2 560 ± 30 21 ± 1 
+P 
  
3.70 ± 0.11 a 11.0 ± 1.8 b 36.6 ± 1.9 a 10.8 ± 0.2 a 
 
35 ± 4 550 ± 40 22 ± 0 
+P+OA 
  
3.76 ± 0.22 a 16.2 ± 1.2 a 32.3 ± 0.7 b 9.1 ± 0.2 b 
 
35 ± 5 545 ± 19 24 ± 1 























































Figure 4A.5 Different degrees of Fe chlorosis in function of t





Figure 4A.6 Chickpea crop overview during soil solution extraction.
 




























































































   
 
